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Long-duration gamma-ray bursts (GRBs) and Type Ib/c Supernovae (SNe Ib/c) are amongst nature's most magnificent ex- 
plosions. While GRBs launch relativistic jets, SNe Ib/c are core-collapse explosions whose progenitors have been stripped 
of their hydrogen and helium envelopes. Yet for over a decade, one of the key outstanding questions is which conditions 
lead to each kind of explosion and death in massive stars. Determining the fates of massive stars is not only a vibrant topic 
in itself, but also impacts using GRBs as star formation indicators over distances of up to 13 billion light-years and for 
mapping the chemical enrichment history of the universe. This article reviews a number of comprehensive observational 
studies that probe the progenitor environments, their metallicities and the explosion geometries of SN with and with- 
out GRBs, as well as the emerging field of SN environmental studies. Furthermore, it discusses SN 2008D/XRT 080109 
which was discovered serendipitously with the Swift satellite via its X-ray emission from shock breakout, and which has 
generated great interest amongst both observers and theorists while illustrating a novel technique for stellar forensics. The 
article concludes with an outlook on how the most promising venues of research - with the many existing and upcoming 
large-scale surveys such as the Palomar Transient Factory and LSST - will shed new light on the diverse deaths of massive 
stars. 
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1 Introduction: The Importance of Stellar 
Forensics 

Stripped supernovae (SNe) and long-duration Gamma-Ray 
Bursts (GRBs) are nature's most powerful explosions from 
massive stars. They energize and enrich the ISM, and, like 
beacons, they are visible over large cosmological distances. 
However, the exact mass and metallicity range of their pro- 
genitors is not known, nor the detailed physics of the ex- 
plosion (see reviews by |Woosley & Bloom 2006, and by 
|Smartt|[2009] l. Stripped-envelope SNe (i.e, SN Hb, lb, Ic 
,|Uomoto & Kirshner'1985'i'Wheeler & Hark-' 



ness 



j> and Ic-bl, e.g. 

X 



1990 Clocchiatti et al. 1996, Filippenko 1997) are 



core-collapse events whose massive progenitors have been 
stripped of progressively larger amounts of their outermost 
H and He envelopes (Fig. [T]|. In particular, broad-lined 
SNe Ic (SNe Ic-bl) are SNe Ic whose line widths approach 
30,000 kms"^ around maximum light and whose optical 
spectra show no trace of H and He. 

The exciting connection between long GRBs and 
SNe Ic-bl (for a review, see Woosley & Bloom 2006 ; Hj orth| 
|& Bloorn||201 1 1 and below) and the existence of SNe Ic-bl 
without observed GRBs, as well as that of GRBs that sur- 
prisingly lack SN signatures, raises the question of what dis- 
tinguishes a GRB progenitor from that of an ordinary SN Ic- 
bl with and without a GRB. 



Understanding the progenitors of SNe Ib/c and of GRB 
is important on a number of levels: 

(1) Stellar and High-Energy Astrophysics: These stel- 
lar explosions leave behind extreme remnants, such as 
Black Holes, Neutron Stars, and Magnetars, which in them- 
selves are a rich set of phenomena studied over the full 
wavelength spectrum from Gamma-rays to radio. Ideally we 
would like to construct a map that connects the mass and 
make-up of a massive star to the kind of death it undergoes 
and to the kind of remnant it leaves behind. Furthermore, 
these stellar explosions are sources of gravitational waves 
and of neutrino emission, and specifically GRBs are lead- 
ing candidate sites for high-energy cosmic ray acceleration 
(e.g., [Waxman|20()4 l. Thus, it is of broad astrophysical im- 
portance to understand the specific progenitor and produc- 
tion conditions for different kinds of cosmic explosions. 

(2) Chemical Enrichment History of Universe: The 
universe's first- and second-generation stars were massive. 
Since GRBs and SNe probably contribute differently to 
the enrichment of heavy elements (e.g., |Pruet et al.|[2006 



Nomoto et al.||2006 1, determining the fate of massive stars 
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is fundamental to tracing the chemical history of the uni- 
verse. 

(3) Cosmology: GRBs are beacons and can illuminate 
the early universe. Indeed, until recently, the object with the 
highest spectroscopic redshift was a GRB, GRB090423 at 
z -8.2 UTanvir et al.|[2009l [Salvaterra et"ai:]r2009j ), which 
means that this explosion occurred merely 630 million years 
after the Big Bang. Thus, a clear understanding of the stellar 
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Fig. 1 Mapping between different types of core-collapse SNe (left) and their corresponding progenitor stars (right). 
Left: Representative observed spectra of different types of SNe. Broad-lined SN Ic are the only type of SNe seen in 
conjunction with GRBs. Not shown are some of the other H-rich SN members (SNe Iln and very luminous SNe). Right: 
Schematic drawing of massive (> 8 — 10 Mq) stars before explosion, with different amounts of intact outer layers, showing 
the "onion-structure" of different layers of elements that result from successive stages of nuclear fusion during the massive 
stars' lifetimes (except for H). The envelope sizes are not drawn to scale; in particular, the outermost Hydrogen envelope 
at the top can be up to 100—1000 times larger than shown. Furthermore, many real massive stars rotate rapidly and are 
therefore oblate, as well as show much less chemical stratification due to convection and overshoot mixing (e.g., see review 
by |Woosley et al.|2002[ ) than is drawn here. The bottom star constitute the most stripped (or "naked") star, with a typical 
size of ~ R0, whose demise produces a SN Ic and sometimes, a SN Ic-bl and even more rarely, a SN Ic-bl accompanied 
by GRBs. One of the outstanding questions in the field is the dominant mechanism with which the outer H and He layers 



got removed. This figure can be downloaded at|http://www.astro.columbia.edu/^mmodjaz/research.html 



progenitors of SNe and GRBs is an essential foundation for 
using them as indicators of star formation over cosmologi- 
cal distances. 

Various progenitor channels have been proposed for 
stripped SNe and GRBs: either single massive Wolf-Rayet 
(WR) stars with main-sequence (MS) masses of ^ 30 M0 
that have experienced mass loss during the MS and WR 
stages (e.g., Woosley et al.|[T993 1, or binaries from lower- 
mass He stars that have been stripped of their outer en- 



velopes through interaction ( Podsiadlowski et al. 2004 



[Fryer et aL 2007 and references therein), possibly given rise 
to run-away stars as GRB progenitors (e.g., |Cantiello et al.| 
[20071 [Eldridge et al.|20lT] l. For long GRBs, the main mod- 
els for a central engine that is powering the GRB include 



the popular collapsar model ( |Woosley|1993[ [MacFadyen &| 
Woosley[[T999) and the magnetar model (e.g., ,Usov„1992) 
for a good summary see Metzger et al.|[2010) l, while rapid 
rotation of the pre-explosion stellar core appears to be a nec- 
essary ingredient for both scenarios. 

Attempts to directly identify SN Ib/c progenitors in pre- 
explosion images obtained with the Hubble Space Telescope 
or ground-based telescopes have not yet been successful 



(e.g., [Gal-Yam et al.|2005[[Maund et al.|2005[[Smartt[2009) , 
and do not conclusively distinguish between the two sug- 
gested progenitor scenarios. However, the progenitor non- 
detections of 10 SNe Ib/c strongly indicate that the single 
massive WR progenitor channel (as we observe in the Local 
Group) cannot be the only progenitor channel for stripped 
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SNe (Smartt 20091. Similar pre-explosion imaging tech- 



nique is not possible for GRB progenitors given the large 
distances at which they are observed. 

Thus, in order to fully exploit the potential and power 
of SNe and GRBs, we have to first figure out their stellar 
progenitors and the explosions conditions that lead to the 
various kinds of stellar death in a massive star, in form of a 
"stellar forensics" investigation. In the following review, we 
will be looking at a number of inferred physical properties 
of the progenitor and of the explosion in the hopes of finding 
those that set apart SN-GRB (Section|2]) from SNe without 
GRBs. They are geometry of the explosion (Section|4|, pro- 
genitor mass (SectionjSj) and metallicity (Section |6]l7 while 
the role of binaries are discussed through-out, but not that of 
magnetic fields. In addition, I will discuss the exciting and 
emerging field of SN metallicity studies as a promising new 
tool to probe the progenitors of different kinds of SNe and 
transients, as well as the story of SN 2008D/XRT 080109 
(Section |7]l that generated great interest amongst both ob- 
servers and theorists while illustrating a novel technique for 
stellar forensics. 

Necessarily, this review will not be complete given the 
page limit, and is driven by the interest and work of the au- 
thor, so omissions and simplifications will necessarily arise. 
Furthermore, given the excellent r eviews by e.g., | \yoosley 



& Bloom ( 2006 1 and most recently, Hjorth & Bloom ( 2011 



1 will concentrate on developments in the field since 2006 
and in complimentary areas. 

2 Solid Cases of SN-GRB: SNe Ic-bl with 
GRBs 

While the explanation for GRBs after their initial discovery 
included a vast artay of different theories, intensive follow- 
up observations of GRBs over the last two decades have 



established that long-duration soft-spectra GRBs (Kouve 
hotou et al.|1993 1, or at least a significant fraction of them. 



are directly connected with supernovae and result from the 
cataclysmic death of massive, stripped stars (see review by 
[Woosley & BIoom|2006| . The most direct proof of the SN- 
GRB association comes from spectra taken of the GRB af- 
terglows, where the spectral fingerprint of a SN, specifically 
that of a broad-lined SN Ic, emerges over time in the spec- 
trum of the GRB afterglow. Near maximum light, GRB-SNe 
appear to show broad absorption lines of O I, Ca II, and Fe 
II (see Fig. [T]l, while there is no photospheric spectrum of 
a confirmed GRB-SN that indicated the presence of H or 
showed optical lines of He I (see also below). 

Below we briefly list the SN-GRB cases, in descend- 
ing order of quality and quantity of data (see also Table 
1 in IWoosley & Bloom 2006 and detailed discussions in 



Hjorth & Bloom 20lT]r The five most solid cases of the 



SN-GRB connection, with high signal-to-noise and multi- 
ple spectra, are usually at low z : SN1998bw/GRB980425 at 
z = 0.0085 dGalama et al.1[T998l), SN2003dh/GRB030329 
0.1685 ( |Stanek et ai:]|2003| [Hjorth et al.||2003" 



IMatheson et ~ar'200?), SN20031w/GRB031203 at z 
0.10058 palesani et al.„2004j , SN2006aj/GRB060218 at 
z = 0.0335 (|Campana et al. [20061 |Modjaz et al.|[2006 



|Pian et al.|20 06 ; Sollerman et a 



2006; Mirabaletal. 2006 



Cobb et ar|2006^ Kocevski et al.,2007) , and most recently. 



SN2010bh/GRB1003I6D at z = 0.0593 dChornock et aT] 
201 1 Starling et al.|20I l" I, where the SN spectra lines were 



visible as early as 2 days after the GRB ( [Chornock et al.[ 
Wn) . Two special SNe, SNe 2008D and 2009bb, and the 



potential presence of a jet in them will be discussed below. 

Again, it is important to note that the spectra of the ob- 
served GRB-SNe are not those of any kind of core-collapse 
SNe, but specifically those of SN Ic-bl. The fact that there 
is no longer the large H envelope present when the star ex- 
plodes as a SN-GRB is a crucial aspect of why and how 



the jet can drill its way trough the star (Woosley et al. 
T993| [Zhang et al.|2004| l. In addition, SN-GRB do not show 



the optical Helium lines in their spectra. While there is 
some discussion of He in the spectrum of SN 1998bw/GRB 
980425 ( [Patat et al.] [2001'), its claim is based on a broad 
spectral feature at 1 micron, which could be due to lines 
oflier than He I A 10830 ([Millard et al.|1999| [Gerardy et aL 



[20041 [Sauer et al."2006'). The NIR spectrum of the most 
recent SN201 0bh/GRB100316D, did not show the 1 mi- 
cron He line ( [Chornock et al.[[20Il| l. What's more, it re- 
mains note-worthy and peculiar that almost all of the solid 
SN-GRB connections are with GRBs that are usually re- 
garded as non-classical: i.e., GRBs that are less beamed 
(opening angles with i 30—80 deg), have low gamma-ray 
luminosity (i.e., Ll^° < 10^^ erg s"^), soft spectra, and 
thus, are also sometimes called X-ray Flashes (XRFs) or 
X-ray rich GRBs, being perhaps more common than cos- 
mological GRBs ([Cobb et al.|2006[[Soderberg et al.|2006a 



at z 



[Guetta & Delia Valle|2007| l. Only GRB 030329 connected 
with SN 2003dh is a classical GRB whose kin we see at 
high-z. Either those cosmological high-luminosity GRs are 
rare at low-z, where we can see the SN signatures spec- 
troscopically, or the SN-GRB connection is confined to 
only GRBs that are more isotropic and of low luminos- 
ity. For reference, a SN with the same large luminosity as 
SN 1998bw/GRB 980425 will appear at R -22 mag at 
z=0.5, so approaching the limit of obtaining a spectrum with 
a large-aperture telescope and reasonable exposure times. 

The second broad class encompasses cases with only 
one epoch of low S/N spectra, which are at higher z: 
XRF 020903 at z = 0.25 ([Soderberg et"aLl|2005l [Bersier 
et al. 2006 ), SN 20021t/GRB 02121 l at z = 1.006 ( IDefla 
jVaUe et al. 2003 ), SN 2005nc/GRB 050525A at z = 0.606 
(Delia Valle et al.|2006b| l. The following last class of pos- 
sible SN-GRB connections is based on observed rebright- 
ening in the light curves of GRB afterglows that are con- 
sistent with emerging SN light curves (e.g., [Bloom et al. 
|1999| l, and in some cases with multi-color light curves that 
constrain the SED. While a a few high-z cases have high- 
quality data that make them convincing (e.g., most recently 
Cobb et aLl[20I0[ Cano et aLl[2010| l, there are many more 
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where the data is of lower quality (e.g., Zeh et al. 20041 



making the SN interpretation in all cases less secure. The 
earliest, but more indirect, hints for the existence of a link 
between GRBs and the death of massive stars was the detec- 
tion of star-formation features in the host galaxies of GRBs 



( Djorgovski et al. 1998 Fruchter et al. 1999 1 and correlation 
of GRB positions in their host galaxies with starforming re- 
gions (Bloom et al.|2002| i. 

While two GRBs, GRBs 060505 and 060614, have been 
observed without a bright SN (Delia Wle et al.||2006a[ 



Fynbo et aL]|2006[ |Gal-Yam et al.||2006l ), it is debated 



whether those were indeed bona fide long-GRBs (Gehrels 
[eTaT 2006'i Khang et al.||2007| [Bloom et al.||2008| , posing 
another challenge to the GRB classification scheme ( Bloom 
|et al.|[2008] ). In any case, it is fair to say that for any bona 
fide and un-ambiguous long-GRB with a sufficiently low 
redshift to enable a spectroscopic SN detection, a broad- 
lined SN Ic has been detected. This does not apply to X-ray 
flashes, where multiple searches for SN signatures in low-z 
XRFs have not yielded clear evidence for associated SNe 
( [Levan et al'.,2005,.Soderberg et al.|2005; . 



3 Do all SNe Ic-bl have an accompanied 
GRB? 

While the list of SN-GRB connections is short, there is a 
growing number of SN Ic-bl that are discovered by various 
SN survey^ which are not observed to have an accompa- 
nied GRB or to be engine-driven (except SN Ic-bl 2009bb, 
see below). One plausible explanation may be that all SN 
Ic-bl have an accompanied GRB, but are not observed by 
us due to viewing-angle effects: our line-of-sight may not 
intersect the collimated jet of GRB emission and thus, we 
may not detect gamma rays for these so-called "off-axis" 
GRBs. Various investigations have been trying to address 
this viewing angle effect and to find off-axis GRBs. 

3.1 Search for Off-Axis GRBs 

Even for the most highly-beamed GRB, the GRB jet gets 
decelerated over time and becomes effectively an isotropic 
blast wave such that the jet that was initially beamed away 
from our line of sight produces afterglow emission (so- 
called "orphan afterglows") which we may see to increase 
over time scales from months to several years (e.g., |Perna| 
|& Loeb|[T998| [van Eerten et~ai:i[20T0| . If GRB jets are 
highly beamed, off-axis GRBs and their subsequent orphan 
afterglow are a natural prediction. Thus, various wide-field 
searches have looked for them in the optical and radio wave- 
lengths (e.g., [Levinson et al.|2002[ [Malacrino et al.||2007| ), 
but none has been detected at high significance. Along the 
same vein, specifically Soderberg et al. ( 2006b| l and Soder- 



berg et al. ( 2010b| l targeted as part of their survey 143 SN 



Ib/c (including SN Ic-bl) for late-time VLA observations to 
search for off-axis GRB afterglows, but none of their objects 
showed evidence for bright, late-time radio emission that 
could be attributed to off-axis jets coming into our line of 
sight, until 2009. In 2009, SN Ic-bl 2009bb was discovered 



optically and exhibited a large radio luminosity ( Soderberg 

Eal. '2010b ; Pignata et al. 1120 1 lb that requires substantial 
relativistic outflow with lO'^ more matter coupled to rela- 
tivistic ejecta than expected from normal core-collapse, and 
thus, arguing for an engine-driven SN. While no coincident 
GRB was detected, it is not clear whether it is because there 
was a weak GRB that went undetected or the GRB was off- 
axis or there were no gamma-rays produced during the SN. 
While also SN Ic 2007gr was claimed to indicate an engine- 



driven explosion without an observed GRB (Paragi et al. 



2010 1, its radio light curves and X-ray data indicate that it 



may well be an ordinary SN Ib/c explosion ( (Soderberg et al. 
|20I0aD . 

3.2 Relative Rates of SN Ic-bl vs LGRB 

A statistical approach for understanding the SN-GRB con- 
nection is to compare the explosion rates of broad-lined 
SN Ic to those of Long GRBs and see if they are compa- 
rable. While this line of argument is very reasonable, it is 
not very conclusive at this point, given that both kinds of 
rates are somewhat uncertain. On the GRB side, the beam- 
ing angle is uncertain, given the possible 2 different popu- 
lations of GRBs (high-luminosity, highly-beamed vs. low- 
luminosity and nearly isotropic) - on the SN side, the rates 
of SN subtypes are not well known, specifically those of 
SN Ic-bl (Li et al.||2010[ l, as well as how selection effects 



may enter differently for GRB and SN searches (Woosley 



|&Bloom'2006). Nevertheless, ' Guetta & Delia Val 



(20071 



' For a full list of lAUC-announced SNe, see the following link: 
|http://www.cfa.harvard.edu/iau/lists/RecentSupemovae.html| 



investigated this question by distinguishing between High- 
and Low-luminosity GRBs and by deriving the SN Ic-bl rate 
from a heterogenous list of SNe discovered by different sur- 
veys. They estimate that the ratio of low-luminosity GRBs 
to SN Ic-bl is in the range of 10%, assuming that SN 

Ic-bl live in the same environments as SN-GRBs and have 
the same host galaxy luminosity, Mb, which is at odds with 
recent observations (Section |6]l. Independently, the exten- 
sive radio search for off-axis GRBs in 143 optically discov- 
ered SN Ib/c (not strictly only SN Ic-bl) yields that less than 
~1% of SN Ib/c harbor central engines ( [Soderberg et al.| 
|2010b), thus broadly consistent with the above estimates, 
depending on the SN Ic-bl rate. 

In conclusion, it appears that SN-GRB are intrinsically 
rare and that certain conditions must be fulfilled for an ex- 
ploding, massive and stripped star to simultaneously pro- 
duce a GRB jet and to release a large amount of energy. 

4 Aspherical Explosions: Only in SN-GRBs? 

One of the fundamental questions in the SN-GRB field is 
whether aspherical explosions are the exclusive and distin- 
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guishing property of GRB-SN, or whether they are generic 
to the core-collapse process. Besides polarization measure- 
ments, late-time spectroscopy is a premier observational 
tool for studying the geometry of the SN explosion. At late 
times (> 3 — 6 months), the whole SN ejecta become op- 
tically thin in the continuum and hence affords a deeper 
view into the core of the explosion than spectra taken dur- 
ing the early photospheric phase. Moreover, the emission 
Une shapes provide information about the velocity distribu- 
tion of the ejecta ( Fransson & Chevalier|1987 Schlegel & 
Kirshner||1989[ l, and thus its radial extent, since the ejecta 
are in homologous expansion (where Vr (x r). A radially 
expanding spherical shell of gas produces a square-topped 
profile, while a filled uniform sphere produces a parabolic 
profile. In contrast, a cylindrical ring, or torus, that expands 
in the equatorial plane gives rise to a "double-peaked" pro- 
file as there is very httle low-velocity emission in the sys- 
tem, while the bulk of the emitting gas is located at ztvt, 
where Vt is the projected expansion velocity at the torus. 

Thus, a number of studies embarked on the difficult un- 
dertaking of obtaining such nebular spectra with adequate 
resolution and signal for a number of stripped SNe. As the 
objects are usually faint at that stage (19—23 mag), they 
call for large-aperture telescopes. First, Mazzali et al. ( 2005| l 
and then |Maeda et al.| ( |2007) reported that SN Ic-bl 2003jd 
and the peculiar SN lb 2005bf, respectively, displayed a 
double-peaked profile of [0 1] AA6300,6364 in nebular spec- 



[01] X?^ 6300,6363 



tra. Subsequently, Modjaz et al. ( 2008b I and Maeda et al. 
( |2008[ ) independently presented a large number of stripped 
SNe displaying pronounced double-peaked profiles of [O 
I]AA6300,6364, the strongest line in late-time spectra of 
SNe without H, with velocity separations ranging between 
2000 to 4000 km s^^ (see Fig.bji. Those profiles were in- 
terpreted as indicating an aspherical distribution of oxygen, 
possibly in a torus or flattened disc seen edge-on, suggest- 
ing that strong asphericity is ubiquitous in core-collapse 
SNe, and not necessarily a signature of an association with 
a GRB. For SN spectra with sufficient S/N in some of the 
additional lines ( O 1 A7774, [Mg 1 A4571 ) and with mul- 
tiple epochs (e.g., S Ne 2004ao, 2008D, |Mo^az et al.|2009 



Tanaka et al. 2009b[ l, the double-peaked profiles are unlikely 
to be caused by known optical depth effects. Furthermore, 



Taubenberger et al. ( 2009 1 presented and analyzed a large 



set of 98 late-time spectra of a total of stripped SNe (some of 
which were taken from the literature) and found a rich phe- 
nomenology of line structures. The results of their statistical 
analysis suggest that probably at least half of all stripped 
SNe are aspherical and that line profiles are indeed deter- 
mined by the ejecta geometry, with Mg and O similarly dis- 
tributed within the SN ejecta. 



Recently, Milisavljevic et al. (2010 1 presented high S/N 



and multi-epoch nebular spectra of a select number of 
stripped SNe (including published data) and, coupled with 
detailed spectral line analysis and fitting, raised important 
questions about the interpretation of the indicated geom- 
etry. They suggested that alternative geometries beyond 




-5 5 
Velocity [10^^ km s~ 



Fig. 2 Montage of five SNe with double-peaked oxygen 
profiles in velocity space. SN name, type, and phase of 
spectrum (with respect to maximum light) are indicated. 
SN 19941 (Filip penko et al.|1995"] l, which exhibits a single- 
peak oxygen line profile, is plotted for comparison at the 
bottom. The dashed line marks zero velocity with respect 
to 6300 A. For SN 2004ao, we plot the scaled profiles of 
O 1 A7774 (in blue) and [Mg 1 A4571 (in red), which are 
not doublets, but also exhibit the two peaks. As discussed in 
the text, the two horns are unlikely to be due to the doublet 



nature of [0 1] AA6300, 6364. From Modjaz et al. (2008b I. 



torus or highly flattened disks are possible for some of the 
SNe, where the double-peaked oxygen profile could be ei- 
ther coming only from preferentially blueshifted emission 
with internal obscuration in the red, or could consist of 
two separate emission components (a broad emission source 
centered around zero velocity and a narrow, blue-shifted 
source). Future high-S/N, multi-epoch and multiple-line ob- 
servations of a large sample of SNe Il/Ilb/Ib/lc coupled with 
radiative transfer models should help to elucidate the ob- 
served blue- and redshifts of the line profiles and constrain 
the exact geometry. 

In conclusions, observed double-peaked oxygen lines 
are not necessarily a proxy of a mis-directed GRB jet and 
they suggest that asphericities (of whatever exact geome- 
try they may be) are most likely prevalent in normal core- 
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collapse events. This result that asphericites are an ubiqui- 
tous feature during core-collapse is in line with similar con- 
clusions based on polarization studies of SN II, lb and SN 
Ic e.g., ( [Leonard & Fi lippenko 2005 ; Maund et al.|20"09al ), 
neutron-star kick veloci ties (,Wang et al.„2006) l, young SN 
remnant morphologies ( Fesen et al. [2006 1, and theoretical 
modeUng efforts (Scheck et al.1'2006; B urrows et al.|2006 



[Dessart et al.||20(j8| l. Aspherical explosion geometry does 
not appear to be distinguishing feature of SN-GRBs, though 
SN-GRB s may have the highest degree of asphericity ac- 
cording to some models ( |Maeda et al.|2008) l. 

5 Progenitor Mass as the Culprit? 

One obvious possibility is that progenitor mass, one of the 
most fundamental properties of a star, may set apart SN with 
GRBs from those without GRBs. Specifically, the SN-GRB 
progenitors could be of high mass (enough to produce a 
BH required for the collapsar model) and higher than the 
progenitors of SN without GRBs. In order to estimate the 
mass of the SN-GRB progenitors, one has to use a differ- 
ent method than the direct pre-explosion imaging technique 
(which even with HST's exquisite resolution can only be 
used for SN progenitor searches for up to ^20 Mpc), since 
the GRB and SN progenitors are at much larger, cosmolog- 
ical distances and since even in the local universe, detec- 



tion attempts of stripped SN progenitors have failed ( Smartt 



et al. 2009 1. There are two different techniques for indirectly 
estimating the main sequence (MS) mass of a SN/GRB pro- 
genitor. The first one consists of modeling the spectra and 
hght curves of the individual SN/GRB in order to constrain 
the ejecta mass and core-mass before explosion and then use 
stellar evolutionary codes (e.g., see Fig. 1 in Tanaka et al. 



2009a[ l to infer the MS mass, subject to the caveats of un- 
certain mass loss rates and rotation. The second technique 
entails studying the stellar population at the SN/GRB posi- 
tion as a proxy for the SN/GRB progenitor. 

The first technique has been performed for a small num- 
ber of SN/GRBs (e.g.,'MazzaH et al.|2006 
Tanaka et al. |[2009, 



Nomoto et al.||2010 



for a review see 
, mostly for the 
nearby GRB-SN and a few peculiar SN and its results sug- 
gest that the SN-GRB are from the more massive end of 
stellar masses 20—50 M©), but not necessarily from the 
most massive stars. However, so far only data of two SNe 
Ic-bl without an observed GRB (SNe 1997ef and 2002ap) 
have been modeled, and thus, it is not clear from this line of 
research whether the GRB-less SN Ic-bl progenitors are as 
massive as those of SN-GRB. 

On the other hand, the second technique of studying the 
stellar populations at the explosion sites has been performed 
on a statistical set of different types of SN, SN-GRB and 
GRBs (those that are at higher redshifts) by comparing the 
amount of light at the position of the GRB or SN (after it had 
faded) to that of the rest of the host galaxy, as a proxy for the 
amount of star formation. [Fruchter et al.| ( [2006| ) andjSvens^ 
[son et alT] ( |2010| l found that GRBs are more concentrated 



towards the brightest regions of their host galaxies than are 
SN II (for the same range of high-z), and took their data 
to indicate larger progenitor masses for GRBs than for SN 
II, which is consistent with SN II pre-explosion detections 
that indicate modest MS-progenitor masses of 8— 16 M© for 
SN IIP (see [Smartt et aL]|2009| for a review). Importantly, 
[Kelly et aI7 (2008 ) demonstrate, using the same technique 
as iFruchter et al., (2006) , that nearby (z < 0.06) SNe Ic 
are also highly concentrated on the brightest regions within 
their host galaxies, thus implying similarly high progeni- 
tor masses for SNe Ic without GRBs, as for GRBs them- 
selves. Thus, these observations suggest another ingredient 
for GRB production besides higher mass progenitors. While 
[Anderson & James, (2008 , 2009 ) have similar findings, their 
interpretation differs, as they regard the increased central- 
ization of a SN distribution to imply increased progenitor 
metallicity, not increased progenitor mass. We will turn to 
the question of metallicity in the next section. 

6 Metallicity as the Culprit? 

Metallicity is expected to influence not only the lives of 
massive stars but also the outcome of their deaths as super- 
novae (SNe) and as gamma-ray bursts (GRBs). However, 
before 2008, there were surprisingly few direct measure- 
ments of the local metallicities of SN-GRBs, and virtually 
none for the various types of core-collapse SNe. 

Before delving into the details of the metallicity studies, 
let us explain what we refer to when using the term metal- 
licity. Theorists usually refer to the iron mass fraction of 
the SN progenitor, which is important for setting the mass 
loss rate of the pre-explosion massive star, since the bulk 
of the opacity is provided by iron and its huge number of 
lines ( |Vink & de Koter[2005| l. Observers, on the other hand, 
usually measure the oxygen abundance of HII regions of 
some (usually central) part of the host galaxy or, in the best- 
case-scenario, that at the SN positions^ The nebular oxygen 
abundance is the canonical choice of metallicity indicator 
for ISM studies, since oxygen is the most abundant metal, 
only weakly depleted onto dust grains (in contrast to refrac- 
tory elements such as Mg, Si, Fe, with e.g., Fe being de- 



pleted by more than a factor of 10 in Orion; see Simon-Diaz 



& Stasinska 201 1 1, and exhibits very strong nebular lines in 



the optical wavelength range (e.g., [Pagel et al. 1979; O ster- 
[brock[[T989l [Tremonti et"aL][2004l l. Thus, weU-established 
diagnostic techniques have been developed (e.g., Kewley & 



Dopita 2002 Pettini & Pagel 2004 Kobulnicky & Kewley 



[2004^ iKewley & Emsonn2008| ). Due to the short hfetimes 



We also note that when we discuss oxygen, we do not refer to the oxy- 
gen that was released during explosion (Section [4|, since it usually takes 
10^ — lO'^ years of settling time for the SN yields to be incorporated into 
the ISM, and we are observing the environments only months to years af- 
ter explosion. While there may be concerns about "self-enrichment", i.e., 
by evolved stars in HII region before explosion (such that the measure- 
ments would not reflect the natal metallicity but some self-polluted, higher 
value), many HII regions do not show clear signs of self-enrichment l |Wof-| 
[ford|2009| . 
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of the massive SN and GRB progenitor stars (< 10 million 
years for 20 Mq star, |Woosley et al. 2002[ ), we do not expect 
them to move far from their birth HIT region sites (but see 
Hammer et al.|[2006 Eldridge et al.|[20lT and below) and 



rotational mixing (Maeder"1987*, 'Langer 1992 Heger & 



thus, we take the abundance of the HII region at the SN site 
to indicate the natal metallicty of the SN or GRB progenitor 
In one GRB case, where there is an independent metallicity 
measurement from absorption-line ratios in the Xray spectra 
from the circumburst medium of SN 2006aj/XRF 060218 
( Campana et al.| l2008) and the common nebular oxygen- 
abundance measurement (e.g., Modjaz et al.|2006j , the two 
completely independently derived values are in broad agree- 
ment. Furthermore, it appears that gas-phase oxygen abun- 
dances track the abundances of massive stars well, as seen in 
a number of studies for the Orion nebula (see |Sim6n-Dlaz &| 
[Stasiriska 2011 for a good review) and for blue supergiants 
in NGC 300 (BresoUn et al.|2009| l. 

When considering oxygen abundance measurements, 
one has to remember the long-standing debate about which 
diagnostic to use, as there are systematic metallicity off- 
sets between different methods (recombination lines vs. col- 
Usionally excited lines vs. "direct" method) and different 
strong-line diagnostics (see |Kewley & Ellison] [2008| and 
[Moustakas et al.f2010| for detailed discussions), as well as 
the debate about the solar oxygen abundance value (As-' 



plund et al. 2009 1. Nevertheless, the (relative) metallic- 



ity trends can be considered robust, if the analysis is per- 
formed self-consistently in the same scale, and trends are 
seen across different scales. We demonstrate the power and 
potential of this approach in the next subchapters. 

6.1 Metallicity of SNe with and without GRBs 

Many theoretical GRB models favor rapidly rotating mas- 



sive stars at low metallicity (Hirschi et al. 2005 Yoon & 



Langer 2005] [Woosley & Heger|[2006l [Langer & Norman 



2006) as likely progenitors. Low metallicity seems to be a 
promising route for some stars to avoid losing angular mo- 
mentum from mass loss ( |Vink & de Kote r 2005 ; Crowther| 



& Hadfield 2006 1 if the mass loss mode is set by line-driven. 



and therefore, metallicity-driven winds (but see [Smith &] 



Owocki 2006 for eruptions in some massive stars). If the 



stellar core is coupled to the outer envelopes via, e.g., mag- 
netic torques (Spruit 2002|, it is able to retain its high an- 



gular momentum preferentially at low metallicity. In turn, 
high angular momentum in the core appears to be a key in- 
gredient for producing a GRB jet for both the collapsar and 
the magnetar models. 

If the GRB progenitor is supposed to be at low metallic- 
ity for minimal mass loss, then how does it remove its outer 
layers, especially the large Hydrogen envelope, for we do 
not see any trace of H or He in the optical spectra of SN- 
GRB? Either via binaries (e.g., [ Fryer et al.|2007 Podsiad 



[lowski et al.|2010| or, if the abundances in the star are suf- 
ficiently low, and thus, the star rotates rapidly enough, then 
quasi-chemical homogeneous evolution may set in, where 
hydrogen gets mix into the burning zones of the star via 



Langer[[2000, Maeder & Meynet^^OOO) , such that the star 



has low hydrogen abundance and a large core mass just be- 
fore explosion. This mechanism seems plausible for produc- 
ing a GRB and a broad-lined SN Ic at the same time, though 
it is debated whether it can explain all observed trends in the 
VLT FLAMES survey of massive stars at different metalUc- 
ities Punter et al.[2009[|Frischknecht et al.|2010,|Brott et al.[ 
|20TT] l. 

Before 2007, a number of studies showed observation- 
ally that GRB hosts are of lower luminosity compared to 
core-collapse SN hosts (Fruchter et al._2006; Wolf & Pod-[ 
[siadlowsE 2007| l and, when measurable, of low metallic- 
ity (e.g., Fynbo et al."2003', 'Proch aska eraL][2004[ [SoUer 



man et al. 2005, Modjaz et al.||2006 1, especially compared 



to the vast majority of SDSS galaxies ( Stanek et al.|2006 i. 
The next step was to compare the abundances of SNe Ic- 
bl with GRBs to SNe Ic-bl intrinsically without GRBs to 
test whether low metallicity is a necessary condition for 
GRB production. In 2007 and 2008 we embarked on di- 
rectly measuring metallicities of a statistically significant 
sample of broad-lined SN Ic environments and deriving 
them in the same fashion, which we presented in our study 
of Modjaz et al. (2008a I, the first of its kind. There, we 
compared the chemical abundances at the sites of 5 nearby 
(z < 0.25) broad-lined SN Ic that accompany nearby GRBs 
with those of 12 nearby (z < 0.14) broad-lined SN Ic that 
have no observed GRBs. We showed that the oxygen abun- 
dances at the GRB sites are systematically lower than those 
found at the sites of ordinary broad-lined SN Ic (Fig. |3]l. 
Unique features of our analysis included presenting new 
spectra of the host galaxies and analyzing the measurements 
of both samples in the same set of ways, via three inde- 
pendent metallicity diagnostics, namely those of [Kewley & 
Dopita' ("2002 ) (KD02), 'McGaugh| (fTWTT) (M91) and |Pet- 



tini & Pagel (2004) (PP04). We demonstrated that neither 
SN selection effects (SN found via targeted vs. non-targeted 
surveys, for an extensive discussion see Section [8]l nor the 
choice of strong-line metallicity diagnostic could cause the 
observed trend. Though our sample size was small, the ob- 
servations (before 2009) were consistent with the hypothe- 
sis that low metal abundance is the cause of some massive 
stars becoming SN-GRB. While each metallicity diagnos- 
tic has its own short-coming, if we use the scale of PP04, 
which has been suggested by Bresolin et al.[ ( [2009 |l to be 
the strong-line method in most agreement with abundances 
from stars, then the "cut-ofP' metallicity value would be ~ 
0.3 Zq. Furthermore, a comparison between the local metal- 
licity of the GRB-SN site and the global host galaxy value 
via resolved metallicity maps yields that the GRB-SN local 
values track the global host value, but are also amongst the 
most metal-poor site of the galaxy ( Christensen et al.|2008 
Levesque et al.|20lT 



This was in 2008 - now, however, the case for a metal- 
licity threshold is much less clear. Over the last three years. 



two "dark" GRBs (Graham et al. 2009 Levesque et al. 
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Fig. 3 Host-galaxy luminosity (Mb) and host-galaxy metallicity (in terms of oxygen abundance) at the sites of nearby 
ordinary broad-lined SNe Ic (SN Ic (broad): blue filled circles) and broad-lined SNe Ic connected with GRBs (SN (broad 
& GRB): red filled squares) in three different, independent metallicity scales. Host environments of SNe-GRBs are more 
metal poor than host environments of broad-lined SNe Ic where no GRB was observed, for a similar range of host-galaxy 
luminosities and independent of the abundance scale used. For reference, the yellow points are nuclear values for local 
star-forming galaxies in SDSS (Tremonti et al 2004), re-calculated in the respective metallicity scales, and illustrate the 



empirical luminosity-metallicity relationship for galaxies. The host environment of the most recent SN-GRB ( iChomock 
et al.|201 1 1 [Starling et al.|201 1|) is consistent with this trend. From|Modjaz et al.|([2008all. 



2010b| l and one radio-relativistic SN, SN 2009bb ( |Soder-| 
berg et al. 2010b[ Levesque et al. 2010c) have been observed 
at high, super-solar, metallicity. Even if one includes those 
higher metallicity explosions regardless of whether they 
share the same progenitor channels as SN-GRBs, ,Levesque| 
et al.| ( |2010a| l show that the M-Z relationship for GRBs 
Ues systematically below that of the bulk of the normal 
starforming galaxies in the corresponding redshift ranges 
(see their Fig. 1). While there are suggestions that the ob- 
served low-metallicity trend could be partly produced by the 
newly-discovered relationship between host galaxy metal- 
licity, mass and star formation rate (so-called "fundamen- 
tal" metallicity relation, Mannucci et al. 2010| l such that low 
metallicity galaxies have high star formation rates ( |Man-, 
nucci et al.||2011| [Kocevski & West||2010| l, it does not ex- 
plain why there are not more GRBs in intermediate- and 



high-mass galaxies ( Kocevski et al.^2009j Kocevski & West 



20101 and the observed evolution in the GRB rate density 
with increasing redshifts (Butl er et al.|2010 1. It is currently 
hotly debated whether dust may be the reason for the metal- 



licity offset (e.g., Fynbo et al.|2009 1, since it could obscure 
the optical afterglows of GRBs at high metallicity, thus ex- 
plaining the lack of high-mass and high-metallicity GRB 
host galaxies (since usually optical afterglows are needed 
for precise localization of the host). 

An obvious test will be to construct the Al — Z relation- 
ship for other explosions that track massive star formation, 
such as normal SN lb and SN Ic, found in the same fashion 
as GRBs, namely in non-targeted surveys such as the Palo- 
mar Transient Factory (see Section |8]l, and to compare it to 
that of GRBs. 



6.2 Metallicity of various regular types of CCSN 

For illuminating the SN-GRB connection and for pursuing 
stellar forensics on the specific SNe Ic-bl with and with- 
out GRBs, it is also important to gain an understanding of 
the progenitors of "normal" stripped SNe. Here too, the two 
outstanding progenitor channels are either single massive 
Wolf-Rayet (WR) stars with main-sequence (MS) masses 
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of ^ 30 M0 that have experienced mass loss during the MS 
and WR stages (e.g., Woosley et al.|1993j , or binaries from 
lower-mass He stars that have been stripped of their outer 



envelopes through interaction (Podsiadlowski et al. 2004 



and references therein), or a combination of both. Attempts 
to directly identify SN Ib/c progenitors in pre-explosion im- 



ages have not yet been successful (e.g.. Gal- Yam et al. 2005 
IMaund et al.|2005||Smarttf2009. ). 

A more indirect but very powerful approach is to study 
the environments of a large sample of CCSNe in order to 
discern any systematic trends that characterize their stellar 
populations. Discussed already was the study of the amount 
of blue light at the position of different types of explosions 
(Section |5]l, which indicates that stripped SNe, and espe- 
cially SNe Ic, are more concentrated towards the brightest 
regions of their host galaxies than SN II ( Kelly et al.|2008 



Anderson & James|2008 1, possibly suggesting the progen- 



itors of SNe Ib/c may thus be more massive than those of 
SNe II, which are - 8-16 Mq (see |Smartt|p009| for a re- 
view). 

There exist a few metallicity studies of CCSN host en- 
vironment that either indirectly probe the metallicities of 
a large set of SNe 11, lb and Ic or that directly probe 
the local metallicity of a small and select set of interest- 
ing/peculiar stripped SNe. Nevertheless, interesting trends 
have emerged: Studies to measure the metallicity by us- 



ing the SN host-galaxy luminosity as a proxy ( Prantzos & 
|Boissier||2003[ |Arcavi et al.||201()| , or by using the metal- 
Ucity of the galaxy center measured from Sloan Digital Sky 
Survey (SDSS) spectra fPrieto et al. "200811 to extrapolate 



to that at the SN position ( Boissier & Prantzos||2009[ ) find 
a) that host galaxies of SNe Ib/c found in targeted surveys 
seem to be in more luminous and more metal-rich galaxies 
than those of SNe II (Prieto et all[ 2008l [Boissier & PranH 
zos|2009| and b) that SNe Ic are missing in low-luminosity 



and presumably, low-metallicity galaxies of the untargetted 
survey PTF, while SN 11, lb, and Ic-bl are abundant there 
( [Arcavi et al.|201()] ). Those prior metallicity studies do not 
directly probe the local environment of each SN (which can 
be different from the galaxy center due to metallicity gra- 
dients) nor do some differentiate between the different SN 
subtypes. In Modjaz et al. ( 201 l| l, we presented the largest 
existing set of host-galaxy spectra with H II region emis- 
sion lines at the sites of 35 stripped-envelope core-collapse 
SNe and including those from the literature and from Mod-' 
jaz et al. ( |2008a| , we analyzed the metallicity environments 
of a total of 47 stripped SNe. We derived local oxygen abun- 
dances in a robust manner in order to constrain the SN Ib/c 
progenitor population. We obtained spectra at the SN sites, 
included SNe from targeted and untargeted surveys, and 
performed the abundance determinations using the same 



three different oxygen-abundance calibrations as in Modjaz 



let al.| ( |2008"^ . We found that the sites of SNe Ic (the demise 
of the most heavily stripped stars having lost both H and 
He layers) are systematically more metal-rich than those 
of SNe lb (arising from stars that retained their He layer) 



in all calibrations. A Kolmogorov-Smirnov-test yielded the 
low probability of 1% that SN lb and SN Ic environment 
abundances, which are different on average by ~0.2 dex (in 
the Pettini & Pagel scale), are drawn from the same par- 
ent population. Broad-lined SNe Ic (without GRBs) occur 
at metallicities between those of SNe lb and SNe Ic. Lastly, 
we found that the host-galaxy central oxygen abundance is 
not a good indicator of the local SN metallicity (introducing 
differences up to 0.24 dex), and concluded that large-scale 
SN surveys need to obtain local abundance measurements in 
order to quantify the impact of metallicity on stellar death. 

A reasonable suggestion for why the environments of 
SNe Ic are more metal rich than those of SNe lb is that 
metallicity-driven winds ( Vink & de Koter|2005 Crowther 



& HadfieTd||2006) in the progenitor stars prior to explo- 



sion are responsible for removing most, if not all, of the 
He layer whose spectroscopic nondetection distinguishes 
SNe Ic from SNe lb. This explanation may favor the sin- 
gle massive WR progenitor scenario as the dominant mech- 
anism for producing SNe Ib/c (Woosley et al. 1993[ l, at 



least for those in large star-forming regions. While the bi- 
nary scenario has been suggested as the dominant channel 
for numerous reasons (see |Smartt|2009 1 for a review; [Smith| 
,et al. 201 1 ), we cannot assess it in detail, since none of 



the theoretical studies (e.g., Eldridge et al.||2008 and ref- 
erences therein) predict the metallicity dependence of the 
subtype of stripped SN. However, our results are consistent 



with the suggestion of Smith et al. (201 1 1 that SNe Ic may 
come from stars with higher metallicities (and masses) than 
SNe lb, even if they are in binaries. Furthermore, the finding 
that the metallicity environments for SN Ic-bl are different 
from those of SN Ic indicates that their progenitors may be 
physically different (perhaps because of magnetic fields or 
other factors) and that the presumably significant amount of 
mass at high velocities in SN Ic-bl are probably not only 
due to viewing-angle effects. 

Most recently, similar studies for SN lb and SN Ic have 
been conducted by [Anderson et al.| ( |2010| l and [Leloudas] 
|et al.| ( |20TT) . While they do find small differences between 
SN lb and SN Ic, with SN Ic in slightly more metal-rich 
environments, they conclude that their findings are not stati- 
cally significant. While the reasons for these different metal- 
licity findings in different studies are not yet clear, some of 
the aspects of their studies may complicate direct SN lb vs. 
SN Ic metallicity comparisons with statistical power For 
example, historical SNe Ib/c without firm subtype classifi- 
cations (e.g., SNe 1962L, 1964L) from only targeted sur- 
veys, some with incorrect SN offsets as announced in the 
lAUC (e.g., for SNe 1987M and 2002ji; S. Van Dyk 2010, 



private communication) are included (Anderson et al. 2010 1 
and an unequal number of SN lb (N=14) and SN Ic (N=5) in 
Leloudas et al. ( 2011[ l. In any case, definite answers should 



be provided by future environmental metallicities studies 
using a very large SN crops from the same, homogeneous 
and galaxy-unbiased survey, such as the one we are under- 
taking (see SectionlSll, which should be ideally suited to de- 
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termine the environmental conditions that influence the var- 
ious kinds of massive stellar deaths in an unbiased fashion. 



7 SN 2008D/XRT080109: Stellar Forensics 
by Witnessing the Death Throes of a Stripped 
Star 



6.3 SN and GRB Host Metallicity Measurements as a 
Rapidly Expanding Field 

Not only for stripped SNe and SN-GRBs, but also for 
other kinds of SNe and transients have metallicity stud- 
ies emerged as a promising tool to probe their progeni- 
tor and explosion conditions. Another class of CCSN that 
has piqued a lot of interest in the past few years is the 
emerging field of over-luminous SNe, i.e., SNe defined as 
more luminous in absolute magnitudes than My ~ —21 
mag ( [Smith eTaLjllOOTl |Ofek et al.||2007| [Quimby et al] 
|201 \\ , that are being discovered in wide-field surveys. Is is 
hotly debated what powers their optical brilliance, whether 
it's due to circumstellar interaction, large amount of syn- 
thesized ^^Ni during the explosion of a pair-instability SN 
or the birth of a magnetar ( Kasen & Bildsten||2010 1. Host 
galaxy studies show that their host galaxies are of low lumi- 
nosity, highly starforming and blue ( Neill et al.|201 1 



ilar to GRB-host galaxies, and similarly of low-metallicity, 
when measured ( ,Stoll et al. 2011 1, with the exception of 



the host of SN 2006gy, the SN which was first claimed as 
a pair-instability SN ( [Smith et al.|[2007l |Ofek et al.||2007l ). 
Furthermore, the best candidate for a pair-instability SN, 
SN 2007bi ( |Gal-Yam et"aL]|2009) has a host galaxy with 
a metalhcity of 12H-log(0/H)M9i = 8.15 ± 0.15 in the Mc- 
Gaugh scale, and thus, ^ 0.3 ( Young et al.|2010 ), so it is 
a subsolar galaxy, but not of extreme subsolar metallicity, as 
one might expect from Pop 111 stars in the high-z universe. 
Thus, if SN 2007bi is representative of pair-instability SNe, 
then they should be found frequently during current and 
next generation of wide-area surveys, which have enough 
volume to discover rare transients. 

Furthermore, even for SN la, which arise from the ther- 
monuclear explosion of a white dwarf at or near the Chan- 
draskhar mass limit in a binary system, host galaxy stud- 
ies have uncovered trends for SN la luminosity with host 
galaxy morphology (e.g., Hamuy et al.|1996| l and mass (e.g., 
Kelly et al.|[20T0l [Sullivan et al.||2010| l, where more lumi- 



nous SN la tend to be in more luminous and (assuming 
the luminosity-metallicity relationship for galaxies) metal- 
rich galaxies, which is consistent with measured metallic- 
ity studies ( Gallagher et al.|2008| l. However, for SN la with 
their long delay times (200 Million yrs to a few Gigayears, 
e.g., Maoz[[20T0l l and the associated large offsets between 
birth and explosion sites, it is not clear whether measur- 
ing the gas-phase metallicity (which reflects that of the cur- 
rently starforming gas) at the SN position really reflects the 



natal metallicity of the old progenitor (Bravo & Badenes 
[201 1 1. Nevertheless, integrated metallicities from stars in 
the host galaxy (Gallagher et al.| [2008[ ) or those of dwarf 
galaxies ( [Childress et a l. 201 1 ), which usually have a small 
spread in metallicities, may be revealing. 



A complimentary stellar forensics tool is to catch the mas- 
sive star during its death throes. This happened for SN 
2008D/XRT080109 (where XRT stands for X-ray Tran- 
sient) which was discovered by [Soderberg et al.[ ( [2008| l. 
From the early light of the explosion, one can reconstruct a 
massive star's pre-explosion composition and radius, which 
provides a powerful tool to closely investigate a single 
star out to cosmological distances. Besides its utility, the 
story of SN 2008D/XRT 080109 reminds us of the impor- 
tance of serendipity in science. SN 2008D/XRT 080109 was 
discovered by Soderberg et al. ( [2008j in X-rays via the 
Swift satellite, because they were monitoring another SN, 
SN 2007uy, in the ^ame galaxy, when suddenly XRT080109 
erupted and lasted ^ 600 sec in X-rays. Furthermore, our 
program was also monitoring SN 2007uy, and the rest of 
the host galaxy, in the optical and NIR from the ground, 
providing us with stringent limits on the optical emission 
just hours before the onset of X-ray transient. 

In [Modjaz et al.[p009| l, we gathered extensive panchro- 
matic observations (X-ray, UV, Optical, NIR) from 13 dif- 
ferent telescopes to determine the nature of SN 2008D, its 
accompanying Swift X-ray Transient 080109, and its pro- 



genitor (see also [Soderberg et al. 2008i ). We first established 
that SN 2008D is a spectroscopically normal SN lb (i.e., 
showing conspicuous He lines, see Fig|4|l, which implies the 
progenitor star had an intact He layer, but had not retained 
its outermost H envelope. For the first time, the very early- 
time peak (at ^ 1 day, see Fig|5]l could be observed for this 
kind of SN, from which one can deduce the progenitor ra- 
dius, since that peak is due to black-body emission from the 
cooling and expanding stellar envelope. Using our reliable 
and early-time measurements of the bolometric output of 



this SN in conjunction with models by Waxman et al. (2007 1 
and [Chevaher & Fransson[ ( [2008| l, as well as published val- 
ues of kinetic energy and ejecta mass, we derived a progen- 
itor radius of 1 .2 ± 0.7 Rq (in agreement with Soderberg 



et al.|[20()8| and 12 ± 7 Rq, respectively, the latter being 



more in line with typical WN stars. We furthermore showed 
that the observed X-ray emission by which it was discov- 
ered ( [Soderberg et al.|2008| l is different from those of X-ray 
flashes, the weaker cousins of GRBs, which demonstrates 
that even normal SN lb, surprisingly, can give rise to high- 
energy phenomena (but see |Mazzali et al.|2008 1. Lastly, our 
spectra obtained at three and four months after maximum 
light show double-peaked oxygen lines that we associate 
with departures from spherical symmetry, as has been sug- 
gested for the inner ejecta of a number of SN lb cores. Our 
detailed observations and their analysis, as well as those of 
ofliers (jSoderberg et al. 2008 ; Mazzali et al. 2008 ; Malesani[ 
jet al.|2009, |Maund et al.|2009bt .Tanaka et al.,2009C| ) have 
inspired a number of theorists to develop and refine sophis- 
ticated models of SN shock breakout including relativistic- 
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mediated shocks ( Katz et al.|2010 i, aspherity ( Couch et al. 
[20^11) ) and the impact of a wind ( Balberg & Loeb|2011| l to 
explain its X-ray shock breakout, as well as refine models 
of the subsequently cooling envelope ( Nakar & Sari|2010 



Rabinak & Waxman|201 1 1 aimed at reproducing the obser- 
vations and predicting their appearance at high-z ( Tominaga 
etal.|2011| i. 




SN 2008D (dered by E(B-V)=0.6 mag)_ 
At = tv^^ = 



1.70d -16.7d 

1.84d -16.6d 

2.80d -15.6d 

2.99d -15.4d 

3.74 d -14.7 d 

3.82d -14.6d 

4.79d -13.6d 




Hel Hel Hel 



6000 8000 10000 

Rest Wavelength (A) 



Fig. 4 Spectral evolution of SN 2008D, dereddened by 
E{B — V)Host = 0.6 mag and labeled with respect to date 
of shock breakout (indicated by At ), and to date of V-band 
maximum (indicated by tvmax)- Note the fleeting double- 
absorption feature around 4000 A in our early spectrum at 
At = 1.84 day. The characteristic optical He lines (due to 
blueshifted He I A 4471, 5876, 6678, 7061) b ecome visible 
starting t ^12 days or ty^ax ^6 days. From |Modjaz et aL 
( [20091 ). 



8 The Future is Now: The Golden Age of 
Transient Surveys and Corresponding Host 
Galaxy Studies 

We are embarking on the Golden Age of transients, i.e., 
diverse explosive phenomena from both massive stars and 
compact objects, which a number of large-scale surveys 
are starting to harvest. These inno vative surveys in clude the 
Palomar Transient Factory (PTFp]|Rau et al. 12009 1, C atalin a 
Real-Time Transient Survey (CRT!^ Drake et al.||2009| ). 



^ http://www.astro.caltech.edu/ptf/ 
* http://crts.caltech.edu/ 
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Fig. 5 Observed optical and NIR light curves of SN 
2008D after the onset (the right panel) of XRT 080109, 
which we adopt as the time of shock breakout. The filled 
circles show UVW1,UVM2, UVW\,U,B, V data from 
Swift/UVOT, the empty circles are BV data from KAIT, 
while the empty squares are data from the FLWO 1.2 m tele- 
scope. JHKs data (filled stars, triangles, and squares) are 
from PAIRITEL. Note the very early optical data points (At 
=0.84 day after shock breakout) from the FLWO 1 .2 m tele- 
scope, as well as NIR data (at At =0.71 day) from PAIRI- 
TEL, amongst the earliest data of a SN lb to date. Swift/ 
UVOT upper limits are indicated by the arrows. We also plot 
the pre-explosion upper limits derived from the 1.2m CfA 
and the PAIRITEL data (the left panel). The data have not 
been corrected for extinction. The The 2-component light 
curve is pronounced in the blue, where the 1st peak is due 
to thermal emission from the expanding and cooling stel- 
lar layers and the 2nd peak due to powering by ^^Ni. We 
note that our earliest ground-based data points are consistent 
with the light-curve fits by Soderberg et al. (2008, S08; dot- 
ted lines), who use the envelope BB emission model from 

( |2009] l. 



Waxman et al. (2007). From Modjaz et al 



PanSTARR:^( |Tonry & Pan-STARRS Team|2005j l and The 
Chilean Automatic Supernova Search (CHAS^ iPignata 
et al. 2009 [ (for a comparison for 2010, see Gal- Yam & 
Mazzah|[2011| l, and in the future, LSST, which is a major 



^ http://pslsc.org/transients/ 

^ http://www.das.uchile.cl/proyectoCHASE/ 
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US undertaking and number 1 ranked ground-based project 
during the 2010 Decadal Survey. Because of different sur- 
vey modes and detection techniques, these innovative sur- 
veys are finding known types of SNe in large numbers and 
with relatively little bias, as well as rare, yet astrophysically 
interesting events in statistically large numbers. The main 
innovations in survey mode are: very large field-of-view 
(e.g., 7.8-square-degree for PTF, up to 4000 times larger 
than traditional surveys), galaxy-untargeted, with different 
cadences, and less bias towards bright cores of galaxies. 

In contrast, traditional SN surveys usually have small 
fields of view and thus, specifically target luminous galax- 
ies that contain many stars in order to increase their odds of 
finding those that explode as SNe. For example, the prolific 



Lick Observatory SN Search (LOSS, Fihppenko et al. 2001 



Li et al.|2010| l monitors a list of galaxies that have a mean 
(median) value at the galaxy magnitude of Mb = —19.9 
{Mb = —20.1) mag. But because more luminous galaxies 
are more metal-rich ( [Tremonti et al.|2004[ see also Fig. |3]l 
such targeted SN surveys are probably biased towards find- 
ing SN in high-metallicity galaxies. However, the new sur- 
veys alleviate this galaxy- and metallicity-bias and PTF has 
already found over 1090 spectroscopically ID'ed SNe (as 
of April 2011) in this galaxy-untargeted fashion, probing 
SNe and transients in all kinds of galactic environments (ex- 
cept in highly obscured ones, of course). The difference in 
survey mode appears to be important: using core-collapse 
SN discovered with PTF, |Arcavi et al.| (12010) showed that 
different populations of galaxies may be hosting different 
types of stripped SNe. The least stripped SN (SN lib) were 
found in the low luminosity galaxies (dwarfs), which Arcavi 
et al. took to indicate a metallicity effect, where the mas- 
sive progenitor at low-metallicity did not have sufficiently 
strong winds to remove its He layer in order to explode as 
a SN Ic. While these findings are in line with [Modjaz et al.] 
(201 1 1, in order to verify them with direct metallicity mea- 



surements, as well as for resolving some of the issues dis- 



cussed in Section 6.2 it is necessary to conduct a thorough 



and extensive host galaxy study with a large single-survey, 
untargeted, spectroscopically classified, and homogeneous 
collection of stripped SNs, something we are currently un- 
dertaking with PTF. 

For core-collapse SNe and transients, the next big fron- 
tier is to hunt for the lowest metallicity host galaxies, in 
order to fully confront theoretical predictions of the impact 
of metallicity on stellar death ( Heger et al.|2003 O'Connor 
& Ott|20TT[ ) with observations, via the untargetted surveys 
or specifically low-luminosity galaxy-targeted surveys. 

Acknowledgements. I thank the Astronomische Gesellschaft (Ger- 
man Astronomical Society) and its selection committee for award- 
ing me the 2010 Ludwig-Biermann Award and for giving me the 
opportunity to participate in the 2010 annual meeting in Bonn. 
Furthermore, I thank my many collaborators over the years and at 
various institutions for their fruitful collaboration. M.M. acknowl- 
edges support by the Hubble Fellowship grant HST-HF-51 277.01- 
A, awarded by STScI, which is operated by AURA under NASA 



contract NAS5-26555. This research has made use of NASAs As- 
trophysics Data System. 



References 

Anderson, J. R, Covarrubias, R. A., James, P. A., Hamuy, M., & 

Habergham, S. M. 2010, MNRS, in press (ArXiv: 1006.0968) 
Anderson, J. R & James, R A. 2008, MNRAS , 390, 1527 
— . 2009, MNRAS , 399, 559 

Arcavi, I., Gal- Yam, A., Kasliwal, M. M., Quimby, R. M., Ofek, 
E. O., Kulkami, S. R., Nugent, R E., Cenko, S. B., Bloom, J. S., 
Sullivan, M., Howell, D. A., Poznanski, D., Filippenko, A. V., 
Law, N., Hook, I., Jonsson, J., Blake, S., Cooke, J., Dekany, 
R., Rahmer, G., Hale, D., Smith, R., Zolkower, J., Velur, V., 
Walters, R., Henning, J., Bui, K., McKenna, D., & Jacobsen, J. 
2010, ApJ, 721, 777 

Asplund, M., Grevesse, N., Sauval, A. J., & Scott, R 2009, 
ARA&A,47,481 

Balberg, S. & Loeb, A. 201 1, MNRAS , 478 

Bersier, D., Fruchter, A. S., Strolger, L.-G., Gorosabel, J., Levan, 

A. , Burud, I., Rhoads, J. E., Becker, A. C, Cassan, A., 
Chomock, R., Covino, S., de Jong, R. S., Dominis, D., Filip- 
penko, A. v., Hjorth, J., Holmberg, J., Malesani, D., Mobasher, 

B. , Olsen, K. A. G., Stefanon, M., Castro Ceron, J. M., Fynbo, 
J. P. U., Holland, S. T., Kouveliotou, C, Pedersen, H., Tanvir, 
N. R., & Woosley, S. E. 2006, ApJ , 643, 284 

Bloom, J. S., et al. 1999, Nature, 401, 453 

Bloom, J. S., Butler, N. R., & Perley, D. A. 2008, in American 
Institute of Physics Conference Series, Vol. 1000, American In- 
stitute of Physics Conference Series, ed. M. Galassi, D. Palmer, 
& E. Fenimore, 1 1-15 

Bloom, J. S., Kulkarni, S. R., & Djorgovski, S. G. 2002, AJ , 123, 
1111 

Boissier, S. & Prantzos, N. 2009, Astronomy & Astrophysics, 503, 
137 

Bravo, E. & Badenes, C. 201 1, MNRAS , 464 

Bresolin, F, Gieren, W., Kudritzki, R., Pietrzyhski, G., Urbaneja, 

M. A., & Carraro, G. 2009, ApJ , 700, 309 
Brott, I., Evans, C. J., Hunter, I., de Koter, A., Langer, N., Dufton, 

R L., Cantiello, M., Trundle, C, Lennon, D. J., de Mink, S. E., 

Yoon, S., & Anders, P 201 1, A & A, in press (arXiv: 1 102.0766) 
Burrows, A., Livne, E., Dessart, L., Ott, C. D., & Murphy, J. 2006, 

ApJ , 640, 878 

Butler, N. R., Bloom, J. S., & Poznanski, D. 2010, ApJ , 711, 495 
Campana, S., Panagia, N., Lazzati, D., Beardmore, A. P., 
Cusumano, G., Godet, O., Chincarini, G., Covino, S., Delia 
Valle, M., Guidorzi, C, Malesani, D., Moretti, A., Pema, R., 
Romano, R, & Tagliaferri, G. 2008, ApJ , 683, L9 
Campana, S. et al. 2006, Nature, 442, 1008 
Cano, Z. et al. 2010, MNRS submitted (arXivl012.1466) 
Cantiello, M., Yoon, S., Langer, N., & Livio, M. 2007, Astronomy 

&L Astrophysics, 465, L29 
Chevalier, R. A. & Fransson, C. 2008, ApJ , 683, L135 
Childress, M., Aldering, G., Aragon, C, Antilogus, P., Bailey, 
S., Baltay, C, Bongard, S., Buton, C, Canto, A., Chotard, 
N., Copin, Y, Fakhouri, H. K., Gangler, E., Kerschhaggl, M., 
Kowalski, M., Hsiao, E. Y, Loken, S., Nugent, P., Paech, K., 
Pain, R., Pecontal, E., Pereira, R., Perlmutter, S., Rabinowitz, 
D., Runge, K., Scalzo, R., Thomas, R. C, Smadja, G., Tao, C, 
Weaver, B. A., & Wu, C. 201 1, ApJ , in press (arXiv: 1 103.2324 



© 20 1 1 WILEY- VCH Verlag GmbH & Co. KGaA, Weinheim 



www.an-journal.org 



Astron. Nuchr. / AN (2011) 



13 



Chomock, R., Berger, E., Levesque, E. M., Soderberg, A. M., Fo- 
ley, R. J., Fox, D. B., Frebel, A., Simon, J. D., Bochanski, J. J., 
Challis, R J., Kirshner, R. R, Podsiadlowski, R, Roth, K., Rut- 
ledge, R. E., Schmidt, B. R, Sheppard, S. S., & Simcoe, R. A. 
2011, ApJ, submitted (arXiv: 1004.2262) 

Christensen, L., Vreeswijk, P. M., SoUerman, J., Thone, C. C, Le 
Floc'h, E., & Wiersema, K. 2008, Astronomy & Astrophysics, 
490, 45 

Clocchiatti, A., Wheeler, J. C, Brotherton, M. S., Cochran, A. L., 
Wills, D., Barker, E. S., & Turatto, M. 1996, ApJ , 462, 462 

Cobb, B. E., Bailyn, C. D., van Dokkum, R G., & Natarajan, P. 
2006, ApJ, 645, LI 13 

Cobb, B. E., Bloom, J. S., Perley, D. A., Morgan, A. N., Cenko, 
S. B., & Filippenko, A. V. 2010, ApJ , 718, L150 

Couch, S. M., Pooley, D., Wheeler, J. C, & Milosavljevid, M. 
2011, ApJ, 727, 104 

Crowther, P. A. & Hadfield, L. J. 2006, Astronomy & Astro- 
physics, 449, 71 1 

Delia Valle, M., Chincarini, G., Panagia, N., Tagliaferri, G., Male- 
sani, D., Testa, V., Fugazza, D., Campana, S., Covino, S., Hol- 
land, S. T., Mangano, V., Antonelli, L. A., D'Avanzo, P., Fiore, 
R, Hurley, K., Mirabel, I. R, Piranomonte, S., & Stella, L. 
2006a, Nature submitted (astro-ph/0608322) 

Delia Valle, M., Malesani, D., Bloom, J. S., Benetti, S., Chincar- 
ini, G., D'Avanzo, P., Foley, R. J., Covino, S., Melandri, A., 
Piranomonte, S., Tagliaferri, G., Stella, L., Gilmozzi, R., An- 
tonelli, L. A., Campana, S., Chen, H.-W., Filliatre, P., Fiore, F., 
Fugazza, D., Gehrels, N., Hurley, K., Mirabel, I. R, Pellizza, 
L. J., Piro, L., & Prochaska, J. X. 2006b, ApJ , 642, L103 

Delia Valle, M. et al. 2003, Astronomy & Astrophysics, 406, L33 

Dessart, L., Burrows, A., Livne, E., & Ott, C. D. 2008, ApJ , 673, 
L43 

Djorgovski, S. G., Kulkami, S. R., Bloom, J. S., Goodrich, R., 
Frail, D. A., Piro, L., & Palazzi, E. 1998, ApJ , 508, L17 

Drake, A. J., Djorgovski, S. G., Mahabal, A., Beshore, E., Larson, 
S., Graham, M. J., Williams, R., Christensen, E., Catelan, M., 
Boattini, A., Gibbs, A., Hill, R., & Kowalski, R. 2009, ApJ , 
696, 870 

Eldridge, J. J., Izzard, R. G., & Tout, C. A. 2008, MNRAS , 384, 
1109 

Eldridge, J. J., Langer, N., & Tout, C. A. 2011, MNRAS, in press 

(arXiv: 1103. 1877) 
Fesen, R. A., Hammell, M. C, Morse, J., Chevalier, R. A., 

Borkowski. K. J., Dopita, M. A., Gerardy, C. L., Lawrence, 

S. S., Raymond, J. C, & van den Bergh, S. 2006, ApJ , 645, 

283 

Filippenko, A. V. 1997, ARA&A , 35, 309 

Filippenko, A. V., Li, W. D., Treffers, R. R., & Modjaz, M. 2001, 
in ASP Conf. Ser. 246: lAU Colloq. 183: Small Telescope As- 
tronomy on Global Scales, ed. B. Paczynski, W.-P. Chen, & 
C. Lemme, 121—1- 
Filippenko, A. V. et al. 1995, ApJ , 450, LI 1-^ 
Fransson, C. & Chevalier, R. A. 1987, ApJ , 322, L15 
Frischknecht, U., Hirschi, R., Meynet, G., Ekstrom, S., Georgy, C, 
Rauscher, T., Winteler, C, & Thielemann, F. 2010, Astronomy 
& Astrophysics, 522, A39-I- 
Fruchter, A. S., Levan, A. J., Strolger, L., Vreeswijk, P. M., 
Thorsett, S. E., Bersier, D., Burud, 1., Castro Ceron, J. M., 
Castro-Tirado, A. J., Conselice, C, Dahlen, T., Ferguson, H. C, 
Fynbo, J. R U., Gamavich, R M., Gibbons, R. A., Gorosabel, J., 
Gull, T. R., Hjorth, J., Holland, S. T., KouveUotou, C, Levay, 



Z., Livio, M., Metzger, M. R., Nugent, P. E., Retro, L., Pian, 
E., Rhoads, J. E., Riess, A. G., Sahu, K. C, Smette, A., Tanvir, 
N. R., Wijers, R. A. M. J., & Woosley, S. E. 2006, Nature, 441, 
463 

Fruchter, A. S. et al. 1999, ApJ , 519, L13 

Fryer, C. L., Mazzali, P. A., Prochaska, J., Cappellaro, E., 
Panaitescu, A., Berger, E., van Putten, M., van den Heuvel, 
E. P. J., Young, P., Hungerford, A., Rockefeller, G., Yoon, S., 
Podsiadlowski, P., Nomoto, K., ChevaUer, R., Schmidt, B., & 
Kulkami, S. 2007, PASP , 119, 1211 

Fynbo, J. P. U., Jakobsson, P., MoUer, P., Hjorth, J., Thomsen, B., 
Andersen, M. 1., Fruchter, A. S., Gorosabel, J., Holland, S. T., 
Ledoux, C, Pedersen, H., Rhoads, J., Weidinger, M., & Wijers, 
R. A. M. J. 2003, Astronomy & Astrophysics, 406, L63 

Fynbo, J. P. U., Jakobsson, P., Prochaska, J. X., Malesani, D., 
Ledoux, C, de Ugarte Postigo, A., Nardini, M., Vreeswijk, 
P. M., Wiersema, K., Hjorth, J., Sollerman, J., Chen, H.-W, 
Thone, C. C, Bjornsson, G., Bloom, J. S., Castro-Tirado, A. J., 
Christensen, L., De Cia, A., Fruchter, A. S., Gorosabel, J., Gra- 
ham, J. F, Jaunsen, A. O., Jensen, B. L., Kann, D. A., Kouve- 
Uotou, C, Levan, A. J., Maund, J., Masetti, N., Milvang- Jensen, 
B., Palazzi, E., Perley, D. A., Pian, E., Rol, E., Schady, R, Star- 
Ung, R. L. C, Tanvir, N. R., Watson, D. J., Xu, D., Augusteijn, 
T., Grundahl, R, Telling, J., & Quirion, R-O. 2009, ApJS , 185, 
526 

Fynbo, J. P. U., Watson, D., Thoene, C. C, Sollerman, J., Bloom, 
J. S., Davis, T. M., Hjorth, J., Jakobsson, P., Joergensen, U. G., 
Graham, J. R, Fruchter, A. S., Bersier, D., Kewley, L., Cas- 
san. A., Maria Castro Ceron, J., Foley, S., Gorosabel, J., Hinsc, 
T. C, Home, K. D., Jensen, B. L., Klose, S., Kocevski, D., Mar- 
quette, J.-B., Perley, D., Ramirez-Ruiz, E., Stritzinger, M. D., 
Vreeswijk, R, Wijers, R. A. M., Woller, K. G., Xu, D., & Zub, 
M. 2006, Nattire submitted (astro-ph/0608313) 

Gal- Yam, A., Fox, D., Price, P., Davis, M., Leonard, D., Soderberg, 
A., Nakar, E., Ofek, E., Schmidt, B., Lewis, K., Peterson, B., 
Kulkarni, S., Berger, E., Cenko, B., Sari, R., Sharon, K., Frail, 
D., Gehrels, N., Nousek, J., Burrows, D., Mangano, V., Holland, 
S., Brown, P., Moon, D. ., Harrison, R, Piran, T., McCarthy, P., 
Penprase, B., & ChevaUer, R. 2006, Nature submitted (astro- 
ph/0608257) 

Gal- Yam, A., Fox, D. B., Kulkarni, S. R., Matthews, K., Leonard, 
D. C, Sand, D. J., Moon, D.-S., Cenko, S. B., & Soderberg, 
A. M. 2005, ApJ , 630, L29 

Gal- Yam, A. & Mazzali, P. 201 1, ArXiv e-prints 

Gal- Yam, A., MazzaU, R, Ofek, E. O., Nugent, R E., Kulkarni, 
S. R., Kasliwal, M. M., Quimby, R. M., Filippenko, A. V., 
Cenko, S. B., Chomock, R., Waldman, R., Kasen, D., Sullivan, 
M., Beshore, E. C, Drake, A. J., Thomas, R. C, Bloom, J. S., 
Poznanski, D., Miller, A. A., Foley, R. J., Silverman, J. M., Ar- 
cavi, I., ElUs, R. S., & Deng, J. 2009, Nature, 462, 624 

Galama, T. J. et al. 1998, Nature, 395, 670 

Gallagher, J. S., Garnavich, R M., Caldwell, N., Kirshner, R. R, 
Jha, S. W., Li, W., Ganeshalingam, M., & Filippenko, A. V. 
2008, ApJ , 685, 752 

Gehrels, N., Norris, J. P., Barthelmy, S. D., Granot, J., Kaneko, 
Y, KouveUotou, C, Markwardt, C. B., MeszSros, P., Nakar, E., 
Nousek, J. A., O'Brien, P. T, Page, M., Palmer, D. M., Parsons, 
A. M., Roming, P. W. A., Sakamoto, T, Sarazin, C. L., Schady, 
R, Stamatikos, M., & Woosley, S. E. 2006, Nature, 444, 1044 

Gerardy, C. L., Fesen, R. A., Marion, G. H., Hoflich, R, Wheeler, 
J. C, Nomoto, K., & Motohara, K. 2004, in Cosmic explosions 



www.an-joumal.org 



© 201 1 WILEY-VCH Verlag GmbH & Co. KGaA, Wemheim 



14 



Maryam Modjaz: Stellar Forensics with the SN-GRB Connection 



in three dimensions, ed. P. Hoflich, P. Kumar, & J. C. Wheeler, 
57-+ 

Graham, J. R, Fruchter, A. S., Kewley, L. J., Levesque, E. M., 
Levan, A. J., Tanvir, N. R., Reichart, D. E., & Nysewander, 
M. 2009, in American Institute of Physics Conference Series, 
Vol. 1 133, American Institute of Physics Conference Series, ed. 

C. Meegan, C. Kouveliotou, & N. Gehrels, 269-272 
Guetta, D. & Delia Valle, M. 2007, ApJ , 657, L73 

Hammer, F., Flores, H., Schaerer, D., Dessauges-Zavadsky, M., Le 
Floc'h, E., & Puech, M. 2006, Astronomy & Astrophysics, 454, 
103 

Hamuy, M., Phillips, M. M., Suntzeff N. B., Schommer, R. A., 
Maza, J., Antezan, A. R., Wischnjewsky, M., Valladares, G., 
Muena, C, Gonzales, L. E., Aviles, R., Wells, L. A., Smith, 
R. C, Navarrete, M., Covarrubias, R., WiUiger, G. M., Walker, 
A. R., Layden, A. C, Elias, J. H., Baldwin, J. A., Hernandez, 
M., Tirade, H., Ugarte, P., Elston, R., Saavedra, N., Barrien- 
tos, R, Costa, E., Lira, P., Ruiz, M. T., Anguita, C, Gomez, X., 
Ortiz, P., della Valle, M., Danziger, J., Storm, J., Kim, Y., Bai- 
lyn, C, Rubenstein, E. P., Tucker, D., Cersosimo, S., Mendez, 
R. A., Siciliano, L., Sherry, W., Chaboyer, B., Koopmann, 
R. A., Geisler, D., Sarajedini, A., Dey, A., Tyson, N., Rich, 
R. M., Gal, R., Lamontagne, R., Caldwell, N., Guhathakurta, 
P, Phillips, A. C, Szkody, P, Prosser, C, Ho, L. C, McMahan, 
R., Baggley, G., Cheng, K., Havlen, R., Wakamatsu, K., Janes, 
K., Malkan, M., Baganoff, F, Seitzer, P., Shara, M., Sturch, C, 
Hesser, J., Hartig, A. N. P., Hughes, J., Welch, D., Williams, 
T. B., Ferguson, H., Francis, P. J., French, L., Bolte, M., Roth, 
J., Odewahn, S., Howell, S., & Krzeminski, W. 1996, AJ , 112, 
2408 

Heger, A., Fryer, C. L., Woosley, S. E., Langer, N., & Hartmann, 

D. H. 2003, ApJ , 591, 288 

Heger, A. & Langer, N. 2000, ApJ , 544, 1016 

Hirschi, R., Meynet, G., & Maeder, A. 2005, Astronomy & Astro- 
physics, 443, 581 

Hjorth, J. & Bloom, J. S. 201 1 , Chapter 9 in "Gamma-Ray Bursts", 
eds. C. Kouveliotou, R. A. M. J. Wijers, S. E. Woosley, Cam- 
bridge University Press, 2011 (arXiv: 1104.2274) 

Hjorth, J. et al. 2003, Nature, 423, 847 

Hunter, 1., Brott, 1., Langer, N., Lennon, D. J., Dufton, P. L., 
Howarth, 1. D., Ryans, R. S. 1., Trundle, C, Evans, C. J., de 
Koter, A., & Smartt, S. J. 2009, Astronomy & Astrophysics, 
496, 841 

Kasen, D. & Bildsten, L. 2010, ApJ , 717, 245 

Katz, B., Budnik, R., & Waxman, E. 2010, ApJ , 716, 781 

Kelly, P. L., Hicken, M., Burke, D. L., Mandel, K. S., & Kkshner, 

R.P 2010, ApJ, 715, 743 
Kelly, R L., Kirshner, R. R, & Pahre, M. 2008, ApJ , 687, 1201 
Kewley, L. J. & Dopita, M. A. 2002, ApJS , 142, 35 
Kewley, L. J. & Elhson, S. L. 2008, ApJ , 681, 1183 
Kobulnicky, H. A. & Kewley, L. J. 2004, ApJ , 617, 240 
Kocevski, D., Modjaz, M., Bloom, J. S., Foley, R., Starr, D., Blake, 

C. H., Falco, E. E., Butler, N. R., Skrutskie, M., & Szentgyor- 

gyi, A. 2007, ApJ , 663, 1180 
Kocevski, D. & West, A. A. 2010, ArXiv e-prints 
Kocevski, D., West, A. A., & Modjaz, M. 2009, ApJ , 702, 377 
Kouvehotou, C, Meegan, C. A., Fishman, G. J., Bhat, N. P., 

Briggs, M. S., Koshut, T. M., Paciesas, W. S., & Pendleton, 

G.N. 1993, ApJ, 413, LlOl 
Langer, N. 1992, Astronomy & Astrophysics, 265, L17 
Langer, N. & Norman, C. A. 2006, ApJ , 638, L63 



Leloudas, G., Gallazzi, A., SoUerman, J., Stritzinger, M. D., 
Fynbo, J. P. U., Hjorth, J., Malesani, D., Michalowski, M. J., 
Milvang-Jcnsen, B., & Smith, M. 2011, Astronomy & Astro- 
physics, in press (arXiv: 1102.2249) 

Leonard, D. C. & Filippenko, A. V. 2005, in ASP Conf. Ser. 
342: 1604-2004: Supemovae as Cosmological Lighthouses, ed. 
M. Turatto, S. Benetti, L. Zampieri, & W. Shea, 330-+ 

Levan, A., Nugent, P., Fruchter, A., Burud, 1., Branch, D., Rhoads, 
J., Castro-Tirado, A., Gorosabel, J., Castro Ceron, J. M., 
Thorsett, S. E., Kouveliotou, C, Golenetskii, S., Fynbo, J., Gar- 
navich. P., Holland, S., Hjorth, J., M0ller, P., Pian, E., Tanvir, 
N., Ulanov, M., Wijers, R., & Woosley, S. 2005, ApJ , 624, 880 

Levesque, E. M., Berger, E., Kewley, L. J., & Bagley, M. M. 
2010a, AJ , 139, 694 

Levesque, E. M., Berger, E., Soderberg, A. M., & Chomock, R. 
201 1, ApJ Letters, submitted (ArXiv: 1 104.2865) 

Levesque, E. M., Kewley, L. J., Graham, J. F, & Fruchter, A. S. 
2010b, ApJ, 7 12, L26 

Levesque, E. M., Soderberg, A. M., Foley, R. J., Berger, E., Kew- 
ley, L. J., Chakraborti, S., Ray, A., Torres, M. A. P, Challis, 
P., Kirshner, R. P., Barthelmy, S. D., Bietenholz, M. F, Chan- 
dra, P., Chaplin, V, Chevalier, R. A., Chugai, N., Coimaughton, 
v., Copete, A., Fox, O., Fransson, C, Grindlay, J. E., Hamuy, 
M. A., Milne, P. A., Pignata, G., Stritzinger, M. D., & Wieringa, 
M. H. 2010c, ApJ , 709, L26 

Levinson, A., Ofek, E. O., Waxman, E., & Gal- Yam, A. 2002, 
ApJ , 576, 923 

Li, W, Leaman, J., Chomock, R., Filippenko, A. V., Poznanski, 

D., Ganeshalingam, M., Wang, X., Modjaz, M., Jha, S., Foley, 
R. J., & Smith, N. 2010, MNRAS in press, (arXiv 1006.4612) 
MacFadyen, A. 1. & Woosley, S. E. 1999, ApJ , 524, 262 
Maeda, K., Kawabata, K., Mazzali, P. A., Tanaka, M., Valenti, S., 
Nomoto, K., Hattori, T., Deng, J., Pian, E., Taubenberger, S., 
lye, M., Matheson, T., Filippenko, A. V, Aoki, K., Kosugi, G., 
Ohyama, Y, Sasaki, T, & Takata, T. 2008, Science, 319, 1220 
Maeda, K., Tanaka, M., Nomoto, K., Tominaga, N., Kawabata, K., 
Mazzali, R A., Umeda, H., Suzuki, T., & Hattori, T. 2007, ApJ , 
666, 1069 

Maeder, A. 1987, Astronomy & Astrophysics, 173, 247 
Maeder, A. & Meynet, G. 2000, ARA&A , 38, 143 
Malacrino, F, Atteia, J., Boer, M., Klotz, A., Veillet, C, Cuillan- 
dre, J., & The Grb Rtas Collaboration. 2007, Astronomy & As- 
trophysics, 464, L29 
Malesani, D., Fynbo, J. P. U., Hjorth, J., Leloudas, G., SoUer- 
man, J., Stritzinger, M. D., Vreeswijk, P. M., Watson, D. J., 
Gorosabel, J., Michalowski, M. J., Thone, C. C, Augusteijn, T., 
Bersier, D., Jakobsson, P., Jaunsen, A. O., Ledoux, C, Levan, 

A. J., Milvang-Jensen, B., Rol, E., Tanvir, N. R., Wiersema, K., 
Xu, D., Albert, L., Bayhss, M., Gall, C, Grove, L. F, Koester, 

B. P, Leitet, E., Pursimo, T., & Skillen, 1. 2009, ApJ , 692, L84 
Malesani, D. et al. 2004, ApJ , 609, L5 

Mannucci, F, Cresci, G., Maiolino, R., Marconi, A., & Gnerucci, 

A. 2010, MNRAS , 408, 2115 
Mannucci, R, Salvaterra, R., & Campisi, M. A. 2011, MNRAS , 

439 

Maoz, D. 2010, in American Institute of Physics Conference Se- 
ries, Vol. 1314, American Institute of Physics Conference Se- 
ries, ed. V. Kologera & M. van der Sluys, 223-232 

Matheson, T. et al. 2003, ApJ , 599, 394 

Maund, J. R., Smartt, S. J., & Schweizer, R. 2005, ApJ , 630, L33 



© 201 1 WILEY- VCH Verlag GmbH & Co. KGaA, Weinheun 



www.an-joumal.org 



Astron. Nuchr. / AN (2011) 



15 



Maund, J. R., Wheeler, J. C, Baade, D., Patat, R, Hoflich, P., 

Wang, L., & Clocchiatti, A. 2009a, ApJ , 705, 1 139 
— . 2009b, ApJ, 705, 1139 

MazzaU, P. A., Deng, J., Plan, E., Malesani, D., Tominaga, N., 
Maeda, K., Nomoto, K., Chincarini, G., Covino, S., Delia VaUe, 
M., Fugazza, D., Tagliaferri, G., & Gal- Yam, A. 2006, ApJ , 

645, 1323 

MazzaU, P. A., Kawabata, K. S., Maeda, K., Nomoto, K., Filip- 
penko, A. V., Ramirez-Ruiz, E., Benetti, S., Plan, E., Deng, J., 
Tominaga, N., Ohyama, Y., lye, M., Foley, R. J., Matheson, T., 
Wang, L., & Gal- Yam, A. 2005, Science, 308, 1284 

Mazzali, P. A., Valenti, S., Delia Valle, M., Chincarini, G., Sauer, 
D. N., Benetti, S., Plan, E., Piran, T., D'Elia, V., Elias-Rosa, 
N., Margutti, R., Pasotti, F., AntonelU, L. A., Bufano, F, Cam- 
pana, S., Cappellaro, E., Covino, S., D'Avanzo, P., Fiore, R, 
Fugazza, D., Gilmozzi. R., Hunter, D., Maguire, K., Maio- 
rano, E., Marziani, P., Masetti, N., Mirabel, F, Navasardyan, H., 
Nomoto, K., Palazzi, E., Pastorello, A., Panagia, N., Pellizza, 
L. J., Sari, R., Smartt, S., Tagliaferri, G., Tanaka, M., Tauben- 
berger, S., Tominaga, N., Trundle, C, & Turatto, M. 2008, Sci- 
ence, 321, 1185 

McGaugh, S. S. 1991, ApJ , 380, 140 

Metzger, B. D., Giannios, D., Thompson, T. A., Bucciantini, N., & 
Quataert, E. 2010, arXiv(1012.0001) 

MiUsavljevic, D., Fesen, R. A., Gerardy, C. L., Kirshner, R. P., & 
Challis, P 2010, ApJ , 709, 1343 

MiUard, J., Branch, D., Baron, E., Hatano, K., Fisher, A., Filip- 
penko, A. V., Kirshner, R. P., Challis, P. M., Fransson, C, Pana- 
gia, N., Phillips, M. M., Sonnebom, G., Suntzeff, N. B., Wag- 
oner, R. v., & Wheeler, J. C. 1999, ApJ , 527, 746 

Mirabal, N., Halpern, J. P., An, D., Thorstensen, J. R., & Temdrup, 
D. M. 2006, ApJ , 643, L99 

Modjaz, M., Kewley, L., Bloom, J. S., Filippenko, A. V., Perley, 
D., & Silverman, J. M. 2011, ApJ , 731, L4+ 

Modjaz, M., Kewley, L., Kirshner, R. P., Stanek, K. Z., Challis, 
P, Garnavich, P M., Greene, J. E., KeUy, P. L., & Prieto, J. L. 
2008a, AJ , 135, 1136 

Modjaz, M., Kirshner, R. P., Blondin, S., Challis, P., & Matheson, 
T. 2008b, ApJ , 687, L9 

Modjaz, M., Li, W., Butler, N., Chornock, R., Perley, D., Blondin, 
S., Bloom, J. S., Filippenko, A. V., Kirshner, R. P., Kocevski, 
D., Poznanski, D., Hicken, M., Foley, R. J., Stringfellow, G. S., 
Berlind, P., Barrado y Navascues, D., Blake, C. H., Bouy, H., 
Brown, W. R., Challis, P, Chen, H., de Vries, W. H., Dufour, 
P., Falco, E., Friedman, A., Ganeshalingam, M., Garnavich, P., 
Holden, B., lUingworth, G., Lee, N., Liebert, J., Marion, G. H., 
Olivier, S. S., Prochaska, J. X., Silverman, J. M., Smith, N., 
Starr, D., Steele, T. N., Stockton, A., Williams, G. G., & Wood- 
Vasey, W. M. 2009, ApJ , 702, 226 

Modjaz, M., Stanek, K. Z., Garnavich, P. M., Berlind, P., Blondin, 
S., Brown, W., Calkins, M., ChalHs, P., Diamond-Stanic, A. M., 
Hao, H., Hicken, M., Kirshner, R. R, & Prieto, J. L. 2006, ApJ , 
645, L21 

Moustakas, J., Kennicutt, Jr., R. C, Tremonti, C. A., Dale, D. A., 

Smith, J., & Calzetti, D. 2010, ApJS , 190, 233 
Nakar, E. & Sari, R. 2010, ApJ , 725, 904 

Neill, J. D., Sullivan, M., Gal-Yam, A., Quimby, R., Ofek, E., 
Wyder, T. K., Howell, D. A., Nugent, P., Seibert, M., Martin, 
D. C, Overzier, R., Barlow, T. A., Foster, K., Friedman, P. G., 
Morrissey, P., Neff, S. G., Schiminovich, D., Bianchi, L., Donas, 
J., Heckman, T. M., Lee, Y., Madore, B. R, Milliard, B., Rich, 



R. M., & Szalay, A. S. 2011, ApJ , 727, 15 

Nomoto, K., Tanaka, M., Tominaga, N., & Maeda, K. 2010, New 
Astronomy Reviews, 54, 191 

Nomoto, K., Tominaga, N., Umeda, H., Maeda, K., Ohkubo, T., & 
Deng, J. 2006, Nuclear Physics A, 777, 424 

O'Connor, E. & Ott, C. D. 201 1, ApJ , 730, 70 

Ofek, E. O., Cameron, P B., Kasliwal, M. M., Gal- Yam, A., Rau, 
A., Kulkarni, S. R., Frail, D. A., Chandra, P, Cenko, S. B., 
Soderberg, A. M., & Immler, S. 2007, ApJ , 659, L13 

Osterbrock, D. E. 1989, Astrophysics of Gaseous Nebulae and Ac- 
tive Galaxies (Mill Vallery: University Science Books) 

Pagel, B. E. J., Edmunds, M. G., Blackwell, D. E., Chun, M. S., & 
Smith, G. 1979, MNRAS , 189, 95 

Paragi, Z., Taylor, G. B., Kouveliotou, C, Granot, J., Ramirez- 
Ruiz, E., Bietenholz, M., van der Horst, A. J., Pidopryhora, 
Y, van Langevelde, H. J., Garrett, M. A., Szomoru, A., Argo, 
M. K., Bourke, S., & Paczynski, B. 2010, Nature, 463, 516 

Patat, F et al. 2001, ApJ , 555, 900 

Pema, R. & Loeb, A. 1998, ApJ , 509, L85 

Pettini, M. & Pagel, B. E. J. 2004, MNRAS , 348, L59 

Pian, E. et al. 2006, Nature, 442, 1011 

Pignata, G., Maza, J., Antezana, R., Cartier, R., Folatelli, G., 
Forster, R, Gonzalez, L., Gonzalez, P., Hamuy, M., Iturra, D., 
Lopez, P., Silva, S., Conuel, B., Grain, A., Roster, D., Ivarsen, 
K., Lacluyze, A., Nysewander, M., & Reichart, D. 2009, in 
American Institute of Physics Conference Series, Vol. 1111, 
American Institute of Physics Conference Series, ed. G. Giobbi, 
A. Tomambe, G. Raimondo, M. Limongi, L. A. Antonelli, 
N. Menci, & E. Brocato, 551-554 

Pignata, G., Stritzinger, M., Soderberg, A., Mazzali, P., Phillips, 
M. M., Morrell, N., Anderson, J. P., Boldt, L., Campillay, A., 
Contreras, C, Folatelli, G., Forster, R, Gonzalez, S., Hamuy, 
M., Krzeminski, W, Maza, J., Roth, M., Salgado, R, Levesque, 
E. M., Rest, A., Grain, J. A., Foster, A. C, Haislip, J. B., Ivarsen, 
K. M., LaCluyze, A. P., Nysewander, M. C, & Reichart, D. E. 
2011, ApJ, 728, 14 

Podsiadlowski, P., Ivanova, N., Justham, S., & Rappaport, S. 2010, 
MNRAS , 406, 840 

Podsiadlowski, P., Langer, N., Poelarends, A. J. T, Rappaport, S., 
Heger, A., & Pfahl, E. 2004, ApJ , 612, 1044 

Prantzos, N. & Boissier, S. 2003, Astronomy & Astrophysics, 406, 
259 

Prieto, J. L., Stanek, K. Z., & Beacom, J. F. 2008, ApJ , 673, 999 

Prochaska, J. X., Bloom, J. S., Chen, H.-W., Hurley, K. C, Mel- 
bourne, J., Dressier, A., Graham, J. R., Osip, D. J., & Vacca, 
W.D. 2004, ApJ, 611, 200 

Pruet, J., Hoffman, R. D., Woosley, S. E., Janka, H., & Buras, R. 
2006, ApJ , 644, 1028 

Quimby, R. M., Kulkarni, S. R., Kasliwal, M. M., Gal- Yam, A., 
Arcavi, I., Sullivan, M., Nugent, P., Thomas, R., Howell, D. A., 
Bildsten, L., Bloom, J. S., Theissen, C, Law, N., Dekany, R., 
Rahmer, G., Hale, D., Smith, R., Ofek, E. O., Zolkower, J., 
Velur, v., Walters, R., Henning, J., Bui, K., McKenna, D., Poz- 
nanski, D., Cenko, S. B., & Levitan, D. 2011, Nature, accepted 
(ArXiv: 0910.0059) 

Rabinak, I. & Waxman, E. 201 1, ApJ , 728, 63 

Rau, A., Kulkarni, S. R., Law, N. M., Bloom, J. S., Ciardi, D., 
Djorgovski, G. S., Fox, D. B., Gal-Yam, A., Grillmair, C. C, 
Kasliwal, M. M., Nugent, P E., Ofek, E. O., Quimby, R. M., 
Reach, W T., Shara, M., Bildsten, L., Cenko, S. B., Drake, A. J., 
Filippenko, A. V., Helfand, D. J., Helou, G., Howell, D. A., Poz- 



www.an-joumal.org 



© 201 1 WILEY-VCH Verlag GmbH & Co. KGaA, Wemheim 



16 



Maryam Modjaz: Stellar Forensics with the SN-GRB Connection 



nanski, D., & Sullivan, M. 2009, PASP , 121, 1334 
Salvaterra, R., Delia Valle, M., Campana, S., Chincarini, G., 
Covino, S., D'Avanzo, P., Fernandez-Soto, A., Guidorzi, C., 
Mannucci, F, Margutti, R., Thone, C. C., Antonelh, L. A., 
Barthelmy, S. D., de Pasquale, M., D'Elia, V., Fiore, F., 
Fugazza, D., Hunt, L. K., Maiorano, E., Marinoni, S., Marshall, 
F. E., Molinari, E., Nousek, J., Pian, E., Racusin, J. L., Stella, 
L., Amati, L., Andreuzzi, G., Cusumano, G., Fenimore, E. E., 
Ferrero, P., Giommi, R, Guetta, D., Holland, S. T., Hurley, K., 
Israel, G. L., Mao, J., Markwardt, C. B., Masetti, N., Pagani, C., 
Palazzi, E., Palmer, D. M., Piranomonte, S., TagUaferri, G., & 
Testa, V. 2009, Nature, 461, 1258 
Sauer, D. N., Mazzali, P. A., Deng, J., Valenti, S., Nomoto, K., & 

FiUppenko, A. V. 2006, MNRAS , 369, 1939 
Scheck, L., Kifonidis, K., Janka, H.-T., & MuUer, E. 2006, ApJ , 
457, 963 

Schlegel, E. M. & Kirshner, R. R 1989, AJ , 98, 577 
Simon-Di'az, S. & Stasinska, G. 2011, Astronomy & Astrophysics, 

526, A48+ 
Smartt, S. J. 2009, ARA&A , 47, 63 

Smartt, S. J., Eldridge, J. J., Crockett, R. M., & Maund, J. R. 2009, 
MNRAS , 395, 1409 

Smith, N., Li, W., FiUppenko, A. V., & Chomock, R. 2011, MN- 
RAS ,412, 1522 

Smith, N., Li, W., Foley, R. J., Wheeler, J. C, Pooley, D., 
Chornock, R., FiUppenko, A. V., Silverman, J. M., Quimby, R., 
Bloom, J. S., & Hansen, C. 2007, ApJ , 666, 1116 

SmitU, N. & Owocki, S. R 2006, ApJ , 645, L45 

Soderberg, A. M., Berger, E., Page, K. L., Schady, P., Parrent, J., 
Pooley, D., Wang, X.-Y., Ofek, E. O., Cucchiara, A., Rau, A., 
Waxman, E., Simon, J. D., Bock, D. C.-J., MUne, R A., Page, 
M. J., Barentine, J. C, Bartbelmy, S. D., Beardmore, A. P., 
Bietenholz, M. R, Brown, P., Burrows, A., Burrows, D. N., 
Bymgelson, G., Cenko, S. B., Chandra, P., Cummings, J. R., 
Fox, D. B., Gal- Yam, A., Gehrels, N., Immler, S., Kasliwal, M., 
Kong, A. K. H., Krimm, H. A., Kulkarni, S. R., Maccarone, 
T. J., Meszaros, P., Nakar, E., O'Brien, P. T., Overzier, R. A., de 
Pasquale, M., Racusin, J., Rea, N., & York, D. G. 2008, Nature, 
453, 469 

Soderberg, A. M., Brunthaler, A., Nakar, E., Chevalier, R. A., & 
Bietenholz, M. R 2010a, ApJ , 725, 922 

Soderberg, A. M., Chakraborti, S., Pignata, G., ChevaUer, R. A., 
CUandra, P., Ray, A., Wieringa, M. H., Copete, A., CUap- 
lin, v., Connaughton, V., Barthelmy, S. D., Bietenholz, M. F, 
Chugai, N., Stritzinger, M. D., Hamuy, M., Fransson, C, Fox, 
O., Levesque, E. M., Grindlay, J. E., ChalUs, R, Foley, R. J., 
Kirshner, R. R, MUne, R A., & Torres, M. A. P. 2010b, Nature, 
463, 513 

Soderberg, A. M., Kulkarni, S. R., Fox, D. B., Berger, E., Price, 
R A., Cenko, S. B., HoweU, D. A., Gal- Yam, A., Leonard, 
D. C, Frail, D. A., Moon, D., Chevalier, R. A., Hamuy, M., 
Hurley, K. C, Kelson, D., Koviak, K., Krzeminski, W, Kumar, 
P., MacFadyen, A., McCarthy, P. J., Park, H. S., Peterson, B. A., 
Phillips, M. M., Rauch, M., Roth, M., Schmidt, B. R, & Sheet- 
man, S. 2005, ApJ , 627, 877 

Soderberg, A. M., KuUcami, S. R., Nakar, E., Berger, E., Cameron, 
R B., Fox, D. B., FraU, D., Gal- Yam, A., Sari, R., Cenko, S. B., 
Kasliwal, M., ChevaUer, R. A., Piran, T., Price, P. A., Schmidt, 
B. P, Pooley, G., Moon, D.-S., Penprase, B. E., Ofek, E., Rau, 
A., Gehrels, N., Nousek, J. A., Burrows, D. N., Persson, S. E., 
& McCarthy, R J. 2006a, Nature, 442, 1014 



Soderberg, A. M., Nakar, E., Berger, E., & Kulkarni, S. R. 2006b, 

ApJ , 638, 930 

SoUerman, J., Ostlin, G., Fynbo, J. P. U., Hjorth, J., Fruchter, A., 

& Pedersen, K. 2005, New Astronomy, 11, 103 
SoUerman, J. et al. 2006, Astronomy & Astrophysics, 454, 503 
Spruit, H. C. 2002, Astronomy & Astrophysics, 381, 923 
Stanek, K. Z. et al. 2003, ApJ , 591, L17 
— . 2006, Acta Astronomica, 56, 333 (astro-ph/06041 13) 
StarUng, R. L. C, Wiersema, K., Levan, A. J., Sakamoto, T., 
Bersier, D., Goldoni, P., Oates, S. R., Rowlinson, A., Campana, 
S., SoUerman, J., Tanvir, N. R., Malesani, D., Fynbo, J. R U., 
Covino, S., D'Avanzo, P., O'Brien, P. T, Page, K. L., Osborne, 
J. P., Vergani, S. D., Barthelmy, S., Burrows, D. N., Cano, Z., 
Curran, P. A., de Pasquale, M., D'EUa, V., Evans, P. A., Flores, 
H., Fruchter, A. S., Gamavich, P., Gehrels, N., Gorosabel, J., 
Hjorth, J., Holland, S. T, van der Horst, A. J., Hurkett, C. P, 
Jakobsson, P., Kamble, A. P., Kouveliotou, C, Kuin, N. P. M., 
Kaper, L., Mazzali, P. A., Nugent, P. E., Pian, E., Stamatikos, 
M., Thone, C. C, & Woosley, S. E. 2011, MNRAS , 411, 2792 
StoU, R., Prieto, J. L., Stanek, K. Z., Pogge, R. W., Szczygiel, 

D. M., Pojmanski, G., Antognini, J., & Yan, H. 2011, ApJ , 
730, 34 

Sullivan, M., Conley, A., HoweU, D. A., NeiU, J. D., Astier, P., 
Balland, C, Basa, S., Carlberg, R. G., Fouchez, D., Guy, J., 
Hardin, D., Hook, 1. M., Pain, R., Palanque-Delabrouille, N., 
Perrett, K. M., Pritchet, C. J., Regnault, N., Rich, J., Ruhlmann- 
Kleider, V., Baumont, S., Hsiao, E., Kronborg, T., Lidman, C, 
Perlmutter, S., & Walker, E. S. 2010, MNRAS , 406, 782 

Svensson, K. M., Levan, A. J., Tanvir, N. R., Fruchter, A. S., & 
Strolger, L. 2010, MNRAS , 405, 57 

Tanaka, M., Tominaga, N., Nomoto, K., Valenti, S., Sahu, D. K., 
Minezaki, T., Yoshii, Y, Yoshida, M., Anupama, G. C, Benetti, 
S., Chincarini, G., Delia Valle, M., Mazzali, P. A., & Pian, E. 
2009a, ApJ , 692, 1131 

Tanaka, M., Yamanaka, M., Maeda, K., Kawabata, K. S., Hattori, 
T., Minezaki, T, Valenti, S., Delia Valle, M., Sahu, D. K., Anu- 
pama, G. C, Tominaga, N., Nomoto, K., MazzaU, P. A., & Pian, 

E. 2009b, ApJ , 700, 1680 
— . 2009c, ApJ , 700, 1680 

Tanvir, N. R., Fox, D. B., Levan, A. J., Berger, E., Wiersema, 
K., Fynbo, J. P. U., Cucchiara, A., Kriihler, T, Gehrels, N., 
Bloom, J. S., Greiner, J., Evans, P. A., Rol, E., Olivares, R, 
Hjorth, J., Jakobsson, P., Farihi, J., Willingale, R., Starling, 
R. L. C, Cenko, S. B., Perley, D., Maund, J. R., Duke, J., Wijers, 
R. A. M. J., Adamson, A. J., Allan, A., Bremer, M. N., Burrows, 
D. N., Castro-Tirado, A. J., Cavanagh, B., de Ugarte Postigo, 
A., Dopita, M. A., FatkhuUin, T. A., Fruchter, A. S., Foley, R. J., 
Gorosabel, J., Kennea, J., Kerr, T., Klose, S., Krimm, H. A., 
Komarova, V. N., Kulkarni, S. R., Moskvitin, A. S., Mundell, 
C. G., Naylor, T, Page, K., Penprase, B. E., Perri, M., Podsi- 
adlowski, R, Roth, K., Rutledge, R. E., Sakamoto, T., Schady, 
P., Schmidt, B. P., Soderberg, A. M., SoUerman, J., Stephens, 
A. W., Stratta, G., Ukwatta, T. N., Watson, D., Westra, E., Wold, 
T., & Wolf, C. 2009, Nature, 461, 1254 

Taubenberger, S., Valenti, S., Benetti, S., Cappellaro, E., Delia 
Valle, M., EUas-Rosa, N., Hachinger, S., HiUebrandt, W., 
Maeda, K., Mazzali, P. A., Pastorello, A., Patat, R, Sim, S. A., 
& Turatto, M. 2009, MNRAS , 397, 677 

Tominaga, N., Morokuma, T., Blinnikov, S. 1., Baklanov, P., 
Sorokina, E. I., & Nomoto, K. 2011, ApJS , 193, 20 



© 201 1 WILEY- VCH Verlag GmbH & Co. KGaA, Weinheun 



www.an-joumal.org 



Astron. Nuchr. / AN (2011) 



17 



Tonry, J. & Pan-STARRS Team. 2005, in Bulletin of the American 

Astronomical Society, 1363-+ 
Tremonti, C. A., Heckman, T. M., Kauffmann, G., Brinchmann, J., 

Chariot, S., White, S. D. M., Seibert, M., Peng, E. W., Schlegel, 

D. J., Uomoto, A., Fukugita, M., & Brinkmann, J. 2004, ApJ , 

613, 898 

Uomoto, A., & Kirshner, R. P. 1985, Astronomy & Astrophysics, 
149, L7 

Usov, V. V. 1992, Nature, 357, 472 

van Eerten, H., Zhang, W., & MacFadyen, A. 2010, ApJ , 722, 235 
Vink, J. S. & de Koter, A. 2005, Astronomy & Astrophysics, 442, 
587 

Wang, C, Lai, D., & Han, J. L. 2006, ApJ , 639, 1007 
Waxman, E. 2004, ApJ , 606, 988 

Waxman, E., Meszaros, P., & Campana, S. 2007, ApJ , 667, 351 

Wheeler, J. C, & Harkness, R. P. 1990, Reports on Progress in 
Physics, 53, 1467 

Wofford, A. 2009, MNRAS , 395, 1043 

Wolf, C. & Podsiadlowski, P 2007, MNRAS , 375, 1049 

Woosley, S. E. 1993, ApJ , 405, 273 

Woosley, S. E. & Bloom, J. S. 2006, ARA&A , 44, 507 

Woosley, S. E. & Heger, A. 2006, ApJ , 637, 914 

Woosley, S. E., Heger, A., & Weaver, T. A. 2002, Reviews of Mod- 
em Physics, 74, 1015 

Woosley, S. E., Langer, N., & Weaver, T. A. 1993, ApJ , 411, 823 

Yoon, S.-C. & Langer, N. 2005, Astronomy & Astrophysics, 443, 
643 

Young, D. R., Smartt, S. J., Valenti, S., Pastorello, A., Benetti, S., 
Benn, C. R., Bersier, D., Botticella, M. T, Corradi, R. L. M., 
Harutyunyan, A. H., Hrudkova, M., Hunter, 1., Mattila, S., de 
Mooij, E. J. W., Navasardyan, H., Snellen, L A. G., Tanvir, 
N. R., & Zampieri, L. 2010, Astronomy & Astrophysics, 512, 
A70+ 

Zeh, A., Klose, S., & Hartmann, D. H. 2004, ApJ , 609, 952 
Zhang, B., Zhang, B., Liang, E., Gehrels, N., Burrows, D. N., & 

Meszaros, P 2007, ApJ , 655, L25 
Zhang, W, Woosley, S. E., & Heger, A. 2004, ApJ , 608, 365 



www.an-joumal.org 



© 201 1 WILEY-VCH Verlag GmbH & Co. KGaA, Wemheim 



